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ABSTRACT 
Sequential chemical extraction to fractionate metals in soils and sediments into different groups 
reflecting their "leachability" has been widely employed to determine distribution of metals in different 
physico-chemical phases. A large number of sequential extraction schemes have been reported, most 
of them modifications of Tessier's extraction protocol. Although this method has been widely 
accepted, it is important to highlight that sequential extraction procedures are often tedious and time 
consuming and that they also suffer from a number of limitations, such as the problem of achieving 
selective dissolution and the re-adsorption of trace metals during extraction. 
The objective of this study was to develop, optimise, characterise and apply a novel sequential 
extraction procedure for the evaluation of trace metal distribution in soils and sediments in order to 
speed up the process, but more importantly to provide robust data for further aid the chemical 
characterisation of such samples. The method developed used centrifugation to pass the extractant 
solution (HNO3) at increasing concentrations, through the soil/sediment sample. The sequential 
leachates were collected and analysed by ICP-AES for a suite of 18 analytes. The method then 
utilised chemometrics in order to facilitate processing of the data. 
Optimisation of the new extraction protocol was perfomied using an experimental design approach. 
This was important since the method employed multi-elemental analysis to predict the composition of 
the physico-chemical phases in a range of soils and sediments. The approach used for data 
processing was again novel and was based on a simple product of matrices. However many slalislical 
and chemometric approaches are used throughout this thesis to aid both the design of the method 
and the interpretation of the data obtained. 
Once optimised, the methodology was evaluated using a range of reference materials and tentative 
assignments were made in order to characterise the different physico-chemical phases in the soils by 
comparison with previously obtained data following Tessier's protocol. Significant correlation was 
obtained for the exchangeable fraction, the fraction associated with carbonates and the iron and 
manganese oxides fraction. Hence the method proved to be effective in providing Important 
information in terms of metal distribution in agreement with established procedures. 
The method was then applied to the study of the effect of humic acids (HA) on trace metal distribution 
in two different samples. Both samples were spiked with increasing amounts of humic acids and the 
sequential extraction procedure was used to monitor the changes in metal distribution. Differences 
wrtien HA were added were found for most of the physico-chemical components in both samples. This 
provided practical data to support the theoretical assumption that HA interact with the metals present 
in the soil samples changing their distribution. Using the new method, an evaluation of the trace metal 
distribution writhin the Arosa estuary (N.W. Spain) with respect to trace metal contamination was 
perfonned. 
Finally, an on-line automated multisequential extraction system was built "in-house". and coupled with 
the ICP-AES instrument to allow the fast characterisation of soils and sediment samples. The new 
system proved to be faster than the batch method and minimised the chance of sample mislabelling, 
sample contamination etc. Good agreement between results obtained from the on-line method, the 
batch method, and results using the Tessier scheme was obtained. The automated method dearty 
offers great potential for a range of environmental pollution studies aiding the quick identifrcation of 
the physico-chemical components in geochemical samples. 
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CHAPTER 1 
INTRODUCTION 
C H A P T E R i: INTRODUCTION 
1.1 T R A C E M E T A L S I N S O I L S A N D S E D I M E N T S 
This thesis is focused on the development and characterisation of new strategies for the 
measurement of environmentally sensitive trace metals in soils and sediments. 
1.1.1 W H A T A R E T R A C E M E T A L S ? 
A trace element is an element existing in natural materials, such as those that make up the 
lithosphere, present at a level of <0.1%. If the concentrations of some elements are high 
enough, they can be toxic to living organisms^ but conversely the same elements may be 
essential to biological systems. Trace metals Include the so called heavy metals (those 
which densities are greater than 5.0 g cm'^, e.g. Pb) and micronutrients (elements needed In 
small amounts for plant growth). 
1.1.2 W H A T A R E S O I L S AND S E D I M E N T S ? 
Soils are heterogeneous mixtures of air, water, inorganic and organic solids, and 
microorganisms (both plant and animal in nature)^. 
Sediments can be defined as a material laid down either In air or water at or near the earth's 
surface. Sediments are usually dominated by minerals but they may also contain biological 
remains (fossils). They may later become compacted, cemented and variously altered to 
form sedimentary rocks, for example sand becoming sandstone. 
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Soils and sediments are basic components of our environment, since they provide nutriment 
for living matter and act as a sink for pollution, which may later be released. 
Determining the chemical composition of these solids is therefore considered to be essential 
in many studies. 
1.1.3 S O U R C E S O F M E T A L S IN S O I L S AND S E D I M E N T S 
Important information for agricultural and environmental purposes is obtained by determining 
the amount of metals available to plants or the proportion of a pollutant likely to be mobile. 
These fractions may represent a small part of the total content (often needed for 
classification of soil types, clarification of the origins or identification of elemental deficient 
areas) but may have a great influence on plant growth, quality of ground waters and many 
other environmental issues^. 
Later in this chapter a review of soil and sediment analysis techniques and extraction 
methods will be presented, however in the first instance sources of metals input to soils such 
as mineral weathering and anthropogenic sources will be reviewed. 
1.1.3.1 Mineral weathering 
In situ weathering of rock minerals causes local accumulation of trace metals in soils. 
Igneous rocks (which crystallise from molten magma) and metamorphic rocks (which form 
from other rocks by essentially solid-state changes in mineralogy and/or texture as a result 
of a change in chemical and/or physical environment) are the commonest natural source of 
trace metals in soils. Igneous and metamorphic rocks describe 95% of the earth's crust, with 
sedimentary rocks making up the remaining 5%'*. The availability of trace metals to plants 
and biological cycling depends on the ease with which rocks are weathered and also on 
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climatic factors. Chemical weathering is virtually absent in arid regions whilst in a hot, wet 
climate (e.g. tropical forest) weathering occurs rapidly^. 
Some of the easily weathered minerals from igneous and metamorphic rocks are olivine 
(magnesium iron silicate), hornblende (calcium magnesium iron aluminum silicate hydroxide) 
and augite (calcium sodium magnesium iron aluminum silicate) which contribute significant 
amounts of Mn, Co, Ni, Cu and 2n to soils. Trace metals substitute isomorphically in silicate 
and other mineral lattices for other metal cations of similar ionic radius, becoming then part 
of the mineral stmcture and therefore constituent of the soils that will result from weathering^. 
1.1.3.2 Anthropogenic sources 
Apart from metals entering soils through weathering processes, there are several 
anthropogenic (i.e. man-made) sources with mining being one of the most important. 
Increasingly higher quantities of trace metals are being released into the environment by 
anthropogenic activities, essentially associated with industrial and manufacturing processes 
and the disposal of industrial and domestic refuse and waste materials'*. 
There are at least five identified anthropogenic sources of trace metal contamination in soil-
plant systems. These are described in Table 1.1.1. 
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T A B L E 1 . 1 . 1 . - S O U R C E S O F TOXIC METALS IN T H E ENVIRONMENT ( F R O M S . M. R O S S , 1 9 9 4 ) ' 
Source Metals released 
Mining and Smelting Spoil heaps and tailings Contamination through weathering (wind 
erosion) 
(As. Cd, Hg, Pb) 
Fluvialy dispersed tailings Deposited on soil during flooding, river 
dredging, etc. (As, Cd, Hg, Pb) 
Smelting Contamination due to wind-blown dust, 
aerosols from stack (As, Cd. Hg, Pb) 
Steel and iron industry (Cu. Ni, Pb) 
Metal finishing (Cd, Cr, Cu, Ni, Zn) 
Industry Plastics (Cd, Co, Cr, Hg) 
Textiles (Al, Sn, Ti, Zn) 
Microelectronics (Cu, Cd. Ni. Sb, Zn) 
Wood preserving (As, Cr. Cu) 
Refineries (Cr, Ni, Pb) 
Atmospheric deposition Urban/industrial sources (Cd, Cu. Hg, Pb, Sn, V) 
(incineration plants, refuse 
disposal etc.) 
Pyrometallurgical industries (As, Cd, Cr. Cu, Mn, Ni, Pb, Sb, TI, Zn) 
Automobile exhausts (Mo, Pb, V, Pt. Pd etc.) 
Fossil fuel combustion (As, Cd. Pb. Sb. Se. U. V. Zn) 
(including power stations) 
Agriculture Fertilisers (As, Cd, Mn, U, V. Zn) 
Manures (As. Cu, Mn, Zn) 
Lime (As. Pb) 
Pesticides (Cu, Mn and Zn in fungicides. As and Pb 
used in orchards) 
Irrigation waters (Cd, Pb, Se) 
Corrosion of metals (E.g. galvanised and metal objects 
(fencing, troughs, etc.) Fe, Pb, Zn) 
Waste disposal on land Sewage sludge (Cd, Cr, Cu, Hg. Mn. Mo. Ni, Pb, V, Zn) 
Leachate from landfill (As,Cd, Fe, Pb) 
Scrapheaps (Cd, Cr, Cu, Pb, Zn) 
Bonfires, coal ash, etc. (Cu, Pb) 
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The total metal content of a soil is therefore the result of inputs from several sources 
(summarised in Table 1.1.1 above) minus losses associated with removal by crop materials, 
leaching and volatilisation. The bioavailable concentration (proportion of a chemical In the 
environment which is available for uptake by biota under prevalent environmental conditions) 
will depend upon the soil chemistry which controls the specialion (see section 1.2) of metals 
in soils and plants and factors such as pH, amount of organic matter, clay minerals, 
reduction, oxidation and adsorption. 
1.1.4 S O I L P R O P E R T I E S 
1.1.4.1 S O I I P H 
Because of the heterogeneity of soils, the pH concept is not as precise as It is for solutions. 
Soil pH applies to the H* present in soil pore water which is in dynamic equilibrium with the 
predominantly negatively charged surfaces of the soil particles. The surface negative 
charges attract the hydrogen ions strongly, and these can replace most other cations^. 
Measurement of soil pH in the laboratory normally involves mixing dry soil with 2-2.5 times 
its weight of water, shaking and then measuring the pH in the supernatant solution after 30 
minutes. The pH value is normally around 1 to 1.5 units higher than the pH of the soil 
solution near the solid surfaces where reactions normally take place®. Basically, when the 
soil solution is diluted, the diffuse layer (which contains a higher concentration of H* than in 
the soil solution) expands, causing the pH of the bulk solution to increase. This dilution effect 
is usually overcome by measuring the pH In a suspension of soil in a solution of a neutral 
salt, such as K C I or CaCl2. It is usually accepted that the pH value given is for a suspension 
of soil with distilled water and with a diluted salt unless othenA/ise stated. 
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1.1.4.2 Clay minerals 
Clay is a general term for inorganic material that is <2pm in size, whereas clay mineral refers 
to a specific mineral which mainly occurs in the clay-sized fraction of the soil (i.e. <2fim)^ 
Clay minerals are assemblages of tetrahedral sheets of composition T2O5 (T= tetrahedral 
cation, usually Si*** or Al*^) and octahedral sheets (where octahedral cations are normally 
Ar^, Mg*^, Fe*^ and Fe*^. however many other medium sized cations such as Li, Ti, V. Cr, 
Co, Ni, Cu and Zn may also occur in some species. When one tetrahedral sheet is bonded 
to one octahedral sheet, a 1:1 clay mineral results (e.g. kaolinites), if two tetrahedral sheets 
are coordinated to one octahedral sheet, a 2:1 clay mineral results (e.g. pyrophyllite)^. 
Owing to their large surface area and permanent surface negative charge, clay minerals 
(products of rock weathering) have marked effects on both physical and chemical properties 
of the soils. Clay minerals rarely exist in pure form in soils, but often appear linked to humic 
colloids and hydrous oxide precipitates. 
1.1.4.3 Organic matter 
Although the amount and type may vary considerably, all soils contain organic matter. In 
particular, colloidal organic matter in soils has a major effect on the chemical properties and 
this may be divided into *humic' and 'non-humic' substances, Humic substances are 
amorphous macromolecules with a wide variety of functional groups such as carboxyl, 
carbonyl, ester, phenolic, hydroxy! and possibly quinone and methoxy groups. Meanwhile 
the *non-humic' substances contain unaltered functional groups such as amino acids, 
organic acids, carbohydrates, fats etc. Humic acids will be described in detail in Chapter 5. 
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1.1.4.4 Oxidation and reduction in soils 
Several metals such as Ag, As, Cr, Cu, Fe, Hg, Mn and Pb can exist in soils in more than 
one oxidation state which will be determined by the redox conditions in the soil''. 
Soil chemical reactions involve some combination of proton and electron transfer. Redox 
equilibria in soils are controlled by the aqueous free electron activity, which can be 
expressed as either pE (negative logarithm of the electron activity) or Eh (difference in 
potential (mV) between a Pt electrode and the H standard electrode)'. Large values of pE 
favour the existence of oxidised species and low or negative values are associated with 
reduced species. Measurements of pE or Eh can be used to determine conditions in soils, 
but often the soil colour is a good indication of redox status. Red and brown colours show 
evidence of oxidic conditions and blue-green and grey colours indicate gleyed soils resulting 
from gleysation (i.e. soil-forming process, operating under poor drainage conditions, which 
results In reducing conditions and thus the reduction of Iron and other elements). 
1.1.4.5 Adsorption 
Adsorption is one of the most important chemical processes in soils since it determines the 
quantity of plant nutrients, metals, pesticides, and other organic chemicals that are retained 
on soil surfaces. It is therefore one of the primary processes affecting transport of nutrients 
and contaminants in soils. The behaviour and bioavailability of metals in soils Is therefore 
strongly related to the adsorption of metals from the liquid phase on to the solid phase. 
Examples of different adsorption mechanisms^ are cation exchange, specific adsorption, co-
precipitation, organic complexatlon etc. 
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1.1.5 S O I L - P L A N T S Y S T E M 
The main inputs of metals into the soil-system, are contaminants, fertilizers and pesticides 
but, as it is an open system, it is also subject to natural processes, such as leaching, 
erosion, volatilisation and elimination of metals in harvested plant material. 
The key components concerned with the dynamics of metals in the soil-plant system are 
shown in Figure 1 . 1 . 1 . 
F I G U R E 1 . 1 . 1 S O I L - P L A N T S Y S T E M (ADAPTED FROM P E T E R S O N AND ALLOWAY ®). 
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fertilizers, pesticides, sewage sludge, 
wastes, atmospheric deposition etc. 
Metal accumulation in soils or sediments often originates environmental problems 
concerning the possible metal transfer from soils or sediments to aquatic media as well as 
their uptake by plants, and their inclusion in the food chain. It is clear then, that the 
estimation of bioavailability of metals in soils and sediments will provide important 
information for environmental analysis. 
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1 .2 A N A L Y T I C A L M E T H O D S F O R T H E E X T R A C T I O N O F T R A C E M E T A L S F R O M 
S O I L S A N D S E D I M E N T S 
Concern over the possible health and ecological effects caused by the accumulation of 
heavy metal contaminants in the environment has prompted numerous investigations into 
metal partitioning in soils and sediments. Most of these studies have been focused on total 
metal concentrations and relatively few attempts have been made to evaluate the 
"operationally defined speciation" of metals in particulate form (i.e. the fraction defined by the 
procedures or extractants utilised to isolate the chemical forms)^°. 
Metals in soils may be present in several different physico-chemical phases acting as 
reservoirs or trace element sinks. It is widely recognised that the development of new 
strategies to quantify the chemical forms of metals in soils is essential in order to estimate 
the mobility and bioavailability of metals in the environment"'^^. 
1.2.1 C O N C E P T O F S P E C I A T I O N 
Speciation studies (i.e. the determination of the chemical form) play an increasingly 
important role in many aspects of sediment and soil science. First of all such studies enable 
a better understanding of processes such as mobilisation, transport and transformation of 
trace elements in soils and sediments. Knowledge of the chemical form in which the 
elements are present in a soil is also advantageous in agriculture since it enables the 
prediction of the availability of both essential and toxic elements and uptake by plants^^'^^. In 
situations where contaminated sediments may be used as landfill, a knowledge of the heavy 
metal speciation Is essential for policy decisions and management of such materials and 
operations'^. 
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Chemical speciation for sediments and soils is defined therefore as the process of 
identification and quantification of the different defined species, forms or phases in which an 
element occurs in the material^^. 
The different species may be further defined using functional and operational definitions: 
• functional forms i.e. mobile forms, plant-uptake available species, exchangeable cations 
etc., 
• operationally defined fractions which are defined by the procedures or extractants 
utilised to isolate the chemical forms 
- and also species can be defined as specific chemical compounds or oxidation states 
of an element e.g. ferrous iron (Fe II), methyl-mercury etc. 
1.2.2 E X T R A C T I O N P R O C E D U R E S 
A number of extraction procedures have been suggested over the years to simulate the 
availability of trace metals to plants. The most widely used technique, particulariy for soils 
and sludges, is speciation by means of a single extractant designed to dissolve a phase 
whose content of one element correlates with plant-available content of the same element 
which can be then used to predict plant uptake. This approach is well established in soil 
science for some essential metals such as B, Cu, Co, Mn and Zn as well as some potentially 
toxic elements such as Mo and Ni. For toxic elements associated with pollution from 
anthropogenic sources such as Cd, Cr, Hg, Pb and Sn or even for essential elements at high 
concentrations, the extractant methodology is more tentative and less well established^^. 
1 0 
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1.2.2.1 Single extraction 
Table 1.2.1 summarises some of the extractant reagents that have been used over the 
years. In general they can be classified into distinct groups as follows: 
Acid reagents of varying concentrations^® (HCI, HNO3, aqua regia. acetic acid, acid mixtures 
etc.) together with synthetic chelating agents such as EDTA (ethylene diamine tetraacetic 
acid)^^, DTPA (diethylene triamine pentaacetic acid)^° and also mixtures such as DTPA and 
TEA (triethanolamine)^^ have been used to determine available forms of metals. 
Buffered salt solutions, most of which involve ammonium acetate at different pH, have been 
widely used to extract heavy metals from soils^^'^. The analysis of ammonium acetate 
extracts of soils has been found to correlate well with Mo^^, Ni^^, Pb^^ and Zn contents in 
different crops^•^^ 
Weak neutral salt extractants such as CaCb. AICI3. NaNOa and NH4NO3 have given good 
correlations with Pb and Cd uptake by some vegetable crops^®-^ and also for Mn and Cd 
uptake by subterranean clover*°'^\ 
Aqueous solutions, have been also used to extract metals from soils, but in most cases 
metal concentrations in water extracts were low^^'^^. Hot water extraction however, 
correlates well with the uptake of B by wheat and maize^. 
Soil solution analysis has also been used as an approach to predicting crop uptake and 
good con-elation has been obtained^'^®. 
Other reagents such as enzymes, dithizone, pryrophospate etc. have been tested for 
extraction of heavy metals from soils. 
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T A B L E 1.2.1.- S I N G L E EXTRACTION R E A G E N T S 
Group Extractant Elements Comments Reference 
Acid Extraction HCt/H2S04 Zn Correlation found withi Zn 
uptake by corn and sorghum. 
18 
HCI Ni Correlation found with Ni uptake 
from soils. Limited application. 
24 
HCl 
HNO3 
Cd Comparison with several 
extractants for the 
determination of Cd available in 
plants. 
13 
HCI/AICI3 Cu, Fe. Mn Comparison of different tests 
For histosols. 
37 
Acid reagents of varying 
concentrations 
Cu Assessment of plant-available 
Cu in different soil types. 
38 
Melich 1: 
HCI 0.05IVI + H2SO4 
0.0125M 
Cd. Cu. Fe , Mn. 
Ni. Pb, Zn 
Good correlation was found for 
Cd, Cu , Mn. Ni and Zn for 
tobacco uptake from amended 
soils. 
39 
Aqua regia Cd. Cu. Hg. Ni. 
Pb. Zn 
Certification of contents in three 
types of soils. 
40 
Acetic Add Co. Cu Good correlation found for Co 
and Cu plant-available but not 
suitable for calcareous soils. 
41 
Cr. Cu . Pb Varying cone, of AcOH are used 
to extract trace elements in 
sludge and soil samples. 
42 
Ni Good correlation was found for 
Ni plant-available. 
24 
Co. Ni Good correlation with plant 
contents. 
26 
Cr Evidence of prediction for Cr 
uptake by grass. 
43 
1 2 
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Group Extractant Elements Comments Reference 
Chelating 
Agents 
E D T A Co. Cu Comparison with Acetic Add 
extracts. Good correlation but 
not suitable for calcareous soils. 
41 
Cu. Fe , Mn. Zn Study of reactions of E D T A 
complexes in soils. 
1 9 
Zn Test for Zn in carbonate phase 
of soils. 
4 4 
Cd. Ni, Pb,Zn Extracts of soils correlated well 
with plant-available fraction. 
4 5 
Mo. Se Greenhouse experiments. 
Plant uptake correlated with 
E D T A extracts. 
4 6 
General study E D T A extracts proved to 
correlate well with plant 
contents but different soils and 
plants required different 
calibrations. 
4 7 
Cu Good correlation for Cu plant-
available. 
4 8 . 4 9 
Cu. Ni.Zn Comparison of N T A 
(nitritotriacetic acid) and E D T A 
for extractive decontamination 
of Pb-poltuted soils. 
5 0 
Cd Comparison virith several 
extractants for the 
determination of Cd available in 
plants. 
1 3 
E D T A + Ammonium 
Acetate 
Cu, Zn First time applied. Good 
correlation. 
51 
Zn Zn extractable contents 
correlated with wheat grain 
yield. 
5 2 
Cu, Zn Cu. Zn in wheat and maize 
correlated with soil contents. 
3 4 
E D T A + (NH4)2C03 Zn Correlation was demonstrated 
but limited application. 
3 6 
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Group Extractant Elements Comments Reference 
Chelating 
agents (Cont.) 
DTPA Cu. Fe. Mn, Zn Study of reactions of DTPA 
ctielates with soils. 
53 
Zn Extraction of Zn from 
calcareous soils. 
45,54 
Zn Zn extracted correlated with 
contents in lettuce and wheat. 
55 
Cd Cd in maize correlated with 
sludge soil content. 
56 
Cd. Cu . Zn Good correlation of contents in 
soils with uptake by beans. 
57 
Fe, Mn, Zn Contents in soils correlated well 
with uptake by corn. 
20 
Cu Cu extracted from rice soils. 
Extraction of Cu by HCI 
correlated significantly with 
DTPA extracts. 
58 
Cd. Cu , Mn. Ni. 
Zn 
Good correlation was found for 
tobacco uptake from soils using 
DTPApH 7.3. 
39 
DTPA + TEA Cu DTPA + T E A proved to be the 
best micro-nutrient extractant 
for the determination of Cu 
availability in brazilian soils. 
21 
Melich 3: 
CH3COOH 0.02 M 
NH4F 0.015 M 
HNO3 0.013 M 
EDTA 0.001 M 
B, C a , Cu, Fe . 
K. Mg, Mn, Mo, 
P. Zn 
Mehlich-3 worked extremely 
well in terms of defining the soil 
nutrient element status. 
59 
Buffered salt 
solution 
Ammonium acetate Pb Soil extracts showed good 
correlation with Pb in oats. 
25 
Ni Ni extracted correlated with 
contents in sorghum. 
24 
Zn Ammonium acetate extracts 
correlated welt with Zn in Swiss 
chard. 
26 
Zn Zn in rice. 27 
Mo Extracts correlated with Mo 
contents in herbage. 
23 
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Group Extractant Elements Comments Reference 
Weak neutral 
salt extractants 
CaCl2 Cd, Cu , Ni. Zn Best predictor of beet and 
barley uptake of Cd. Cu . Ni and 
Zn. 
48 
Mn Extraction correlated well with 
clover and switch grass 
contents and uptake of Mn. 
31 
Cd Uptake of Cd by subterranean 
clover. 
30 
NH4NO3 Pb. Cd Good correlation with uptake by 
some vegetable crops was 
obtained.. 
29 
NaN03 Pb. Cd Good con-elation for some 
vegetables. Concentrations 
extracted smaller than with 
CaCl2. 
28 
BaCI? Cd, Mn. Ni.Zn Extraction of several metals 
from sandy soils. 
60 
AICI3 Ni Estimation of Ni available to 
plant. Similar results obtained 
with EDTA and Acetic Acid. 
61 
Aqueous 
solutions 
Mn Contents in the extracts were 
low compared with other 
extractants. 
32 
Cu, Mo Extraction of water soluble Cu 
and Mo. 
33 
Cd, Cu, Ni. Zn Cu in virater extracts did not 
correlate well with 
exchangeable Cu in wheat and 
lettuce. 
55 
Zn Zn contents in water extracts 
correlated weakly with uptake 
by wheat. 
52 
Cd Water extracts weakly 
correlated for Cd in lettuce from 
sludge treated soils. 
62 
B Hot vrater extracts correlated 34 
well with the uptake of B by 
wheal and maize. 
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Group Extractant Elements Comments Reference 
Soils solution 
analysis 
Cd Cd in the solution con^elated 
well with contents of com, 
beans, beets, tomatoes etc. 
63 
Cd, Cu, C r . Mn Solution contents correlated 
well with uptake of Cd. Cr and 
Cu by radish, spinach and 
grass. 
36 
Others Acid ammonium oxalate 
(Grigg's reagent) 
Ni Correlation between extracts 
and plant contents were found. 
24 
Coca-Cola® Cu, Fe , IVIn, Zn Coca-Cola® was found to be an 
excellent extractant for 
micro nutrients in soils. Results 
for Fe. Zn and Cu extractable 
from soils were same as by 
means of DTPA extraction. 
64,65 
Dittiizone Zn Less Zn was extracted with 
dithizone than EDTA for the 
same soil samples. 
44 
Enzymes Cu, Fe, Mn, Zn Bioavailability of trace metals in 
contaminated sediments was 
determined using pepsin. 
66 
NTA (nitritolriacetic add) C d . Z n Extract contents correlated with 
uptake of Cd and Zn by com. 
35 
Pyrophoshate Cd, Cu . 2n Extracts contents correlated 
with uptake by beans. 
57 
Having overviewed the most common reagents used for single extraction tests, it is 
important to emphasize that, although many of those methods are well established, they 
suffer from limitations and tend to be element specific; thus many are only relevant to 
specific plants or crops and often restricted to some soil types. Therefore the choice of a 
particular single extractanl will depend on the type of the soil and target element. 
A common approach when the main objective of the analysis is the quantification of 
elements in specific phases of the soil or sediment matrix is to make use of a series of single 
extractants combined in a defined order to design sequential extraction procedures. The 
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philosophy behind this approach has been introduced by Viets^^ using the concept of "pools" 
of elements in soils with different solubilities and mobilities that can be extracted by reagents 
of different strength. Figure 1.2.1. 
F I G U R E 1 . 2 . 1 . - T H E P O S T U L A T E D POOLS OF CATIONS IN SOILS (FROM V I E T S , 1 9 6 2 ) 
6-
A. Water soluble 
B. Cations exchangeable by a weak exchanger like NH4* 
C. Adsorbed, chelated or complexed ions exchangeable by other cations with high affinities for 
exchange sites or extractable with strong chelating agents 
D. Micronutrient cations in secondary clay minerals and insoluble metal oxides 
E. Cations heW in primary minerals 
F. The pools collectively held the total amount of the element in the soil. 
This concept has been further clarified by Jones et a/.^ ® as illustrated in Figure 1.2.2. It can 
be seen that at least in principle, most of the reagents are not specific to a particular element 
form or chemical phase and by using sequential extraction schemes the individual phases 
can be more precisely isolated. This has been reviewed by Pickering^ and Lebourg^^ and 
much work has been done on sequential extraction schemes for soils and sediments. In fact, 
it has been proved to be one of the most useful methods to obtain information on the 
distributions of metals between phases 70.71 
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F I G U R E 1.2.2.- T H E ABILITY OF D IFFERENT EXTRACTANTS TO E X T R A C T E L E M E N T S FROM 
PARTICULAR S O I L P O O L S OR P H A S E S . A D A P T E D FROM A L L O W A Y ET AL.^ AND J O N E S E 7 A L . " 
POOL A B C D E 
Extractant Soil solution Exchangeable Sorted and Bound, ocduded in Residual; pnmary 
reagent (Water soluble) organically bound oxide and secondary mneral lattice 
day minerals 
Dist HjO 
0.1M NaNOj 
0.05M CaCI^ 
0.1M HNO3 
1M NH^OAc 
0.1MCa(NO3)2. 
0.5M HOAc 
0.005 DTPA 
IMHNO3 
0.05M EDTA 
Acid(NHj2 Ox 
HNO3/HF 
Solid line indicates extraction 
Dashed line indicates partial extraction 
1.2.2.2 Sequential extraction 
Several extraction schemes have been reported in the literature involving multiple extracting 
reagents for partitioning trace elements in sediments, soils and sludge; most of them 
modifications of Tessier's protocol^^ described in more detail below. 
However, before considering in detail specific sequential extraction schemes, it is useful to 
briefly examine the phases or fractions in which trace elements are distributed and the 
magnitude to which they are specifically extracted from soil or sediment by different 
extractants. 
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1.2.2.3 Operationally defined chemical phases in Soils and Sediments 
Water soluble fraction 
This is the most mobile phase and it may be obtained as the soil solution or the sediment 
pore water by centrlfugation, in situ filtration, dialysis lubes etc. 
Exchangeable and weakly adsorbed fraction 
This fraction is extracted by a solution with an electrolyte, which promotes the exchange and 
release of cations. Several salts of strong acids or bases have been used and also salts of 
weak acids and bases at pH 7 (to prevent oxyhydroxy phases precipitation) with NH4OAC 1M 
at pH 7 often being the favored extractant. 
Carbonate bound fraction 
Trace elements in the carbonate bound fraction are released by dissolving the carbonate by 
an acid such as acetic. This reagent can also attack some silicates but may not be able to 
dissolve dolomitic carbonates. A buffer solution of acetic acid-sodium acetate at pH 5 does 
not attack silicates but dissolves totally calcium carbonate and dolomite as well as Cd. Mn 
and Pb carbonates. EDTA attacks carbonates but it also removes partially organically bound 
trace metals^^. Therefore, unless organically bound metals are first removed''*, EDTA 
extraction does not provide a well defined carbonate phase. 
Fractions bound to hydrous oxides of Fe and Mn 
This is the fraction obtained when a reducing solution is used. Hydroxylamine in acid 
solution is the reducing agent most widely used to solubilise this fraction, although iron oxide 
is not completely dissolved'^. Ammonium oxalate is reported to be more effective when used 
In the dark in a modified Tessier scheme by Salomons and Forstner'®. Sodium 
dithionite/citrate/carbonate has also been used as it dissolves both amorphous and 
crystalline oxides and hydroxides, but it can also attack iron-rich silicates. Thus reducing 
extractants are never selective or completely effective for iron and manganese oxides. 
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Organically bound fraction 
An oxidation treatment is normally used to destroy the organic material, although the 
oxidising reagents will also oxidise sulphides to soluble sulphites and sulphates. The 
extractants most widely used are hydrogen peroxide H2O2 and sodium hypochlorite NaOCI. 
Apart from physical methods, no satisfactory method for separating organic and sulphides 
phases appears to be available. 
The problem of re-adsorption of released ions onto the test sample may occur when using all 
of these sequential extractants because of the long residence time of the extraction solution 
in contact with the soil"'^®. 
1.2.2.4 Extraction Schemes: Tessier 's procedure 
Although there are many other sequential extraction schemes, Tessier's procedure^^ has 
received most attention and has been adapted by many workers'^'^^"®^. Many of these 
modifications make the isolation of iron and manganese oxide and hydroxide phases more 
specific'®*®\ The Tessier procedure is shown in Table 1.2.2 together with the modified 
procedures of Forstner®^ and Meguellati®^. 
Although the Tessier method modifications have been widely accepted and applied to metal 
fractionation in soils and sediments, it is important to highlight that sequential extraction 
procedures are often tedious and time consuming and they may also suffer from a number of 
limitations, such as the problem of achieving selective dissolution and re-adsorption of trace 
metals during extraction. In addition, the introduction of many extractants may prove 
problematic, e.g. because of the dissolved solid content, and dilution of the extracts may 
prove to be inappropriate. Recently Cave and Wragg®^ addressed the problems of 
methodologically defined phases and of the reagents being difficult to analyse by using a 
non-specific extraction reagent. HNO3. 
20 
C H A P T E R 1: INTRODUCTION 
T A B L E 1.2.2.- T H E S E Q U E N T I A L EXTRACTION S C H E M E OF T E S S I E R , C A M P B E L L & B I S S O N AND 
ADAPTATIONS^^ 
Method 
Tessier et a / /^ p H 7 
Exchangeable 
NaOAc 1M 
p H 5 
Carbonate 
N H ^ H . H C I 
0.04M 
25% HOAc 
Fe/Mn Oxide 
H ^ 2 8 BM • 
H N O ^ H ^ A c 
Organic matter 
& Sulphide 
H F / H C I O 4 
Residual 
silicate phase 
Fbrstner*^ 
N a O A d M N H ^ H . H C I 
p H 5 0.1M 
Exchangeable Easily 
+ Cartx)nate reducible 
NH^x /HOx 
0.1M 
pH 3 in dark 
Moderately 
reducible 
p H 7 
NH4OAC 
Organic matter 
& Sulphide 
H N O 3 
Residual 
silicate phase 
B a C l 2 l M H ^ 2 B 8 M * 
Meguellati 
et a/.82 
pH 7 
Exchangeable Organic matter 
& Sulphide 
NaOAc 1M 
pH 5 
Carbonate 
N H ^ H . H C I 
0.1M 
25% HOAc 
Fe/Mn Oxide 
Ashing 
followed by 
HF/HCI 
Residual 
silicate phase 
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1.3 A T O M I C S P E C T R O S C O P Y 
The most commonly used techniques for the determination of trace metals are based on 
atomic spectroscopy. Two main techniques, atomic absorption spectroscopy (AAS) and 
atomic emission spectroscopy (AES), are currently in widespread use for the determination 
of trace metals. Atomic fluorescence spectrometry (AFS) is occasionally applied using 
apparatus similar to that used in AES. All these techniques detect electromagnetic radiation 
that is absorbed and/or emitted in the ultraviolet and the visible region of the electromagnetic 
spectrum (i.e. between 160 and 800 nm) from atoms of a sample. Electromagnetic radiation 
can be described in terms of a stream of photons, which are massless particles each 
travelling in a wave-like pattem and moving at the speed of light. Each photon contains a 
specific amount of energy, and all electromagnetic radiation consists of these photons. The 
only difference between the various types of electromagnetic radiation is the amount of 
energy found in the photons which can be defined by both wavelength and frequency. Figure 
1.3.1 shows the different regions of the electromagnetic spectrum and the type of excitation 
that originates each radiation. 
F I G U R E 1 . 3 . 1 . - T H E ELECTROMAGNETIC S P E C T R U M . 
Molecular 
Rotation 
Molecular 
Vibration 
Electronic 
Excitation 
Core-Electron 
Excitation 
Nuclear 
Excitation 
Radio Microwave 
10 10 
Far Infrared Near | | Vacuurn 
Infrared > ^ Ultraviolet 
10 i:) 10 -5 10 
I I 
-6 10-7 10 
X - Ray y - Ray Cosmic 
Rays 
10-9 10 10 10 11 10 12 13 in-14 lO"'-^ 10 
Wavelength (m) 
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The atomic spectnjm originates from energy transitions in the outer electronic shells of free 
atoms and ions. The energy of the radiation absorbed or emitted will be proportional to the 
frequency of the radiation and it is quantised according to Planck's equation: 
E = hv -hc/X EQUATION 1.1 
Where h = Planck's constant (6.62x10"^ J s), v = frequency, c = speed of light (3x10* m s'^) 
and X - wavelenght (m). 
The emission and absorption of light by an analyte is associated with the transition of an 
electron from one energy level to another. The intensity of the line is governed by the 
probability of the transition, related then to the concentration of the analyte in the sample. By 
using atomic spectroscopy techniques, reliable qualitative and quantitative information can 
be obtained. Qualitative information is related to the wavelengths at which the radiation is 
absorbed or emitted whereas quantitative information can be acquired from the amount of 
radiation that is absorbed or emitted. Many detailed accounts of the theory behind the 
techniques used in atomic spectroscopy may be found in the literature®^^. 
1.3.1 A T O M I C E M I S S I O N S P E C T R O S C O P Y ( A E S ) 
Every atom has a number of possible energy levels or states and the emission phenomena 
takes place when an electron transition takes place between energy levels after an external 
source of energy has promoted the outer electron from a lower to a more excited state. The 
excited atom will then relax back to the lower state, releasing its extra energy as a photon of 
visible or ultraviolet light. The theory and equations that describe the principles of the atomic 
emission spectroscopy have been described elsewhere®'. 
1.3.2 T H E I N D U C T I V E L Y C O U P L E D P L A S M A 
Various different plasma sources exist, but the inductively coupled plasma (ICP) is without 
any doubt the most common. Since its introduction by Greenfield^ and Wendt®^ in the early 
1960s, the use of this high energy source has been widespread. 
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The ICP is formed when the energy from a radiofrequency generator is applied to a suitable 
gas via a magnetic field induced using a two or three turn water cooled copper coil. 
The plasma is originated within a plasma torch as described in section 1.3.4. The input 
power induces an oscillating magnetic field, whose lines of force are axially situated in the 
plasma torch and follow elliptical paths outside the induction coil (See Figure 1.3.2). 
In order to initiate the plasma a spark is applied to the gas flowing through the torch stripping 
out electrons which are accelerated by the magnetic field to gain enough energy to ionise 
gaseous atoms in the field. This collisional ionisation of the gas continues subsequently until 
a self-sustaining plasma is formed, almost instantaneously. 
The collisions between ions and atoms under the effect of the magnetic field causes a 
heating of the neutral gas and a hot fireball is produced, reaching temperatures between 
8000 and 10000K. The useful region of the plasma for analytical purposes is in the tail of 
the discharge where the temperatures are between 5000 and 6000K. 
The fact that the temperatures achieved In an ICP are by far higher than those obtained by 
other excitation methods, i.e. flames and graphite fumaces, minimises chemical 
interferences and also improves the efficiency of excitation and atomisatlon processes (See 
Figure 1.3.2). 
The collisional processes occurring in the plasma, such as ionisation, recombination, 
excitation and de-excitation are not in equilibrium and therefore the ICP is not in thermal 
equilibrium (TE). However the ICP is thought to approach local thermal equilibrium (LTE). 
A more detailed account of temperatures in the plasma, temperature measurements and 
excitation processes occuring in an Ar plasma may be found In the literature*^. 
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F I G U R E 1.3.2 .- MAGNETIC LINES AND T E M P E R A T U R E REGIONS O F AN I C P . 
T(K)±10% 
Induction coil 
and force lines 
of magnetic field 
Tangential 
coolant flow 
Inner flow 
Auxiliary gas 
Central flow or nebuliser 
(Sample introduction) 
10(100 
S(MM» 
By far the most common gas used for the ICP discharge is argon because of its noble 
character, availability and the cost. This mono atomic gas has fairly high ionisation energy 
and it is chemically inert, thus no stable compounds will be formed between argon and the 
analyte of interest. Most of the elements of the Periodic Table are excited by argon. The use 
of other gases such as helium has been reported^^^ and also some mixtures of gases have 
been tested 
1.3.3 I N D U C T I V E L Y C O U P L E D P L A S M A A T O M I C E M I S S I O N S P E C T R O S C O P Y 
ICP-AES is a well established technique for routine analysis. Multi-element determinations, 
high selectivity, large linear dynamic ranges and limits of detection below the ^g g'^ level 
allow a wide range of applications. Many environmental applications of this technique can be 
found in the literature related to the analysis of water and air quality, industnal sewage and 
pollution dust. Geological applications of ICP-AES include the determination of major, minor 
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and trace elements in soils, rocks and sediments. Biological and clinical applications involve 
the determination of trace metals in animal and human tissues and blood. ICP-AES has also 
played an important role in food science to obtain nutritional information and for food 
authentication. Atomic Spectroscopy Updates offer periodical reviews of ICP-AES 
applications®^^. 
As with many analytical techniques, interferences may be found when using ICP-AES. 
Spectral interferences manifest as an increase in the continuum background emission or as 
a spectral line overlap, especially if samples with a complex matrix or organic solvents are 
analysed. 
In terms of correction, background shifts can be easily compensated by subtraction of the 
background adjacent to the analytical line. Line overiap is a particular problem when an 
element, present in large excess in the matrix, has an emission line close to or coincident 
with the analytical line. When the overiap is not direct, background con-ection may be 
performed: however when complete overiap occurs, it is usually best to use an alternative 
line. 
1.3.3.1 The ICP-AES instrumentation 
An ICP-AES instrument consists of a sample introduction system (pump, nebuliser and 
spray chamber), the plasma torch assembly, the radiofrequency generator and 
measurement system for the analytical signal (spectrophotometer and detector). Figure 
1.3.3 shows the typical configuration for an ICP-AES instrument, in which the spectrometer 
and detector are in the radial configuration. In this case, there is an optimum viewing height 
in the plasma, which leads to the maximum signal intensity, lowest background and less 
interferences. 
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F I G U R E 1 .3 .3 . -TYPICAL CONFIGURATION FOR I C P - A E S INSTRUMENTS. 
R a d i o f r e q u e n c y 
g e n e r a t o r 
Plasma 
Optics 
N ebu liser 
S p r a y 
C h a m ber 
Drain 
Argon 
Pump 
Spectrometer 
Computer 
Sample 
The sample is normally introduced as a solution into the ICP-AES via the nebuliser to form 
an aerosol, which is then transported, through the spray chamber to the plasma. Once in the 
plasma the aerosol droplets are desolvated. dissociated, atomised and the atoms present in 
the sample are excited. This produces the emission of light at different wavelengths 
depending on the elements present in the sample. The emitted light is then collected and 
separated by the optical system into single wavelengths, which fall on the detector. As the 
concentration of an element in the sample is proportional to the intensity of the light emitted, 
following calibration, quantitative results are obtained. 
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1.3.3.2 Sample Introduction 
Bulk sample solutions are converted into a fine aerosol by a nebuliser system and then 
transported to the torch by the carrier gas. The most commonly used nebulisers are 
pneumatic nebulisers, which utlise on the Venturi effect. Those can be divided in two basic 
types: concentric and cross-flow nebulisers. 
Concentric nebulisers consist of a concentric glass tube through which a capillary tube is 
fitted, the sample is drawn up through the capillary tube by a carrier gas (typically argon at a 
flow rate between 0.5 and 1.5 I min'^). The action of the gas and liquid sample escaping 
through the exit of the tube is enough to produce a coarse aerosol. The advantage of such 
nebulisers is that they do not always require the use of a peristaltic pump to introduce the 
solution into the system, because the nebulisers are self-aspirating. This removes the 
problems associated with pump noise. The viscosity of the samples and standards must be 
very similar othenA/ise transport efficiency will be different and inaccurate results will be 
obtained. The main drawback of these nebulisers however is that they are blocked easily 
when solutions with a high content of dissolved solids are analysed. 
In the cross-flow nebuliser, two capillary tubes are positioned at 90° angle from each other 
(Figure 1.3.4). The carrier gas flows through one capillary tube at high speed whilst the 
sample is pumped through the other capillary. The drop in pressure at the end of the sample 
capillary causes the solution to be drawn up the tube and split into droplets. The main 
disadvantage of these nebulisers is that they can only tolerate solutions containing less that 
0.1-1% dissolved solids. 
The Babington nebuliser and its modifications (the V-groove. Ebdon and de Galan) are 
variations of the cross flow nebuliser. These are specialised high solids nebulisers and have 
the additional advantage of being made of corrosion-resistant materials such as PTFE 
(polytetrafluoroethylene) or Kel-F (CTFE, Chlorotrifluoroelhylene) and are therefore capable 
of aspirating HF or NaOH solutions without any adverse effects. (Figure 1.3.5). 
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F I G U R E 1.3.4.- C R O S S - F L O W NEBULISER F I G U R E 1 .3 .5 . -V-GROOVE NEBULISER 
Liquid 
Sample 
Argon gas 
Expanded view 
Argon 
Sample 
Argon gas 
V-groove 
The theory and characteristics of pneumatic nebulisers have been reviewed by Sharp^ and 
Luan 1 1 • 
Many other types of nebulisers have been designed in an attempt to improve the transport 
efficiency of pneumatic nebulisers. Ultrasonic nebulisers, first introduced in the mid-1960s. 
operate by directing the sample solution on to a vibrating piezoelectric crystal at a frequency 
of 2-IOMHz. The action of this vibrating crystal is enough to transform the liquid sample into 
an aerosol, which is then transported by the carrier flow through a heated tube and then a 
condenser. At this point the aerosol is desolvated and reaches the plasma as a dry. fine 
aerosol. In practise the ultrasonic nebulisers have not proved to be very successful because 
of unreliability. Nevertheless, many applications of such nebulisers can be found in the 
literature^°^'^^ and studies of matrix effects involving the use of those nebulisers have also 
been reported 
Other nebuliser designs such as the grid-type nebulisers, glass frit, electrospray and the 
thermospray nebulisers, direct sample insertion nebulisers and direct injection nebulisers 
108 exist and have been described elsewhere 
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The aerosol generated by the nebulisation process is directed to the spray chamber, which 
prevents droplets bigger than lO^m from reaching the plasma and also dampens noise 
arising from the peristaltic pump. Several types exist but the most widely used is the Scott-
double pass design as shown in Figure 1.3.6. 
F I G U R E 1.3.6.- A S C O T T - D O U B L E P A S S S P R A Y CHAMBER. 
To plasma 
Waste 
(Dead space areas where memory effects may arise are shaded) 
The main problem associated with the Scott-double pass design is that it is usually made of 
glass and so may be attacked by some reagents (e.g. HF) as well as adsorb some trace 
analytes on its large internal surface area leading to significant memory effects. Dead 
spaces In the chamber may also produce appreciable memory effects. Different designs, 
including the single pass, the fast cleaning^°®, the cyclone^^°. and the heated spray 
chambers" \ have been compared and results have been publlshed^^^ ^ l A review of the 
processes taking place in the spray chamber has been written by Sharp^^-^^". 
1.3.3.3 Plasma area: RF generators and Plasma Torch 
Basically a rf generator Is an oscillator that supplies an alternating current at a known 
frequency. There are two types: free running and crystal controlled. The power required to 
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generate and sustain a plasma is obtained from a radiofrequency (rf) generator and for ICP-
AES measurements it ranges between 600 and 1800 W. 
The induction coil configuration will determine the shape and the size of the plasma. Larger 
plasmas are related to wide diameter coils and the plasma is extended when the coil has 
several turns around the torch. The turns, typically three, have to be close enough to 
maintain a uniform field but not too close in order to avoid formation of discharges between 
them. 
The torch is formed by three concentric tubes through which the gas flows. The outer tube is 
usually made of quartz and it has the highest flow rate, coolant flow, which is delivered 
tangentially. The intermediate tube has a gas flow called auxiliary, which is also entering the 
torch tangentially. The inner tube, normally made up of quartz or ceramic, is the Injector 
tube. The sample aerosol is transported through the injector to the base of the plasma by the 
nebuliser gas flow. 
Two basic types of torch, the Greenfield and the Fassel, were used In the eariy days of ICP 
spectrometry, but since then the Fassel design has gained popularity and is now used 
almost exclusively. It has been modified by numerous workers In order to improve 
performance or minimise running costs. Smaller versions using low argon flows have been 
reported by several workers such as Rezaaiyaan^^^ and Weiss"®, but although the analytical 
performance is similar to the original design, they are often blocked by samples with high 
solids content"^ Torches larger than the Fassel design have also been reported"® and 
other modified torches partial or totally de-mountable are available. Recently a new torch 
design with an In-built spray chamber has been developed by Todoll and Mermet"^ and it 
has been applied to the analysis of low sample volumes by ICP-AES. 
The typical torch disposition in ICP-AES is radial I.e. viewed side on. but an alternative 
configuration which is gaining popularity Is the axial design. In this case the selection of an 
optimum viewing height is not required because the analytical signal is viewed end on so 
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that the whole length of the central channel is integrated. However interferences are 
expected to be higher as they will be all summed, and linear ranges may be curtailed 
because of increased self-absorption due to the axial plasma being less optically thin. In 
order to avoid burning or condensation on the optics of the instrument a shear gas across 
the top of the plasma is necessary. 
1.3.3.4 Spectrometers, detectors, read-out devices and data processing 
The function of the spectrometer is to isolate the analytical wavelength of interest from the 
light emitted from the plasma source. Most modern instruments use a diffraction grating for 
the separation of the light into its component wavelengths, which is basically a min-or having 
between 600 to 4200 engraved lines per millimeter. There are three types of diffraction 
gratings: mled, holographic and echelle. Due to its very good efficiency in each of the 
spectral orders and improved resolution, the echelle grating has become the most popular in 
ICP-AES instrumentations^^. The dispersed radiation is then focused by the spectrometer 
onto an exit plane or circle that allows certain wavelengths to pass to the detector. 
Until recently the majority of spectrometers used a monochromator to examine one 
analytical wavelength at a time, but were capable of scanning to other wavelengths 
sequentially. Several types of monochromators have been designed, but the most common 
design Is the Czerny-Turner configuration. When numerous exit slits are used so many 
wavelengths can be monitored simultaneously the spectrometer is called a polychromator. 
Among the different designs developed the Echelle-type Is the most common in modern 
instruments^^'. 
Once the emission line has been isolated by the spectrometer, a detector is used to quantify 
the intensity of the emission. The most widely used detectors for ICP-AES are 
photomultiplier tubes (PMTs), which consist of a photo-sensitive cathode and a series of 
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dynodes, set at successively more positive potentials until an anode is reached and amplify 
the signal typically by a factor of 10®. The electrical current measured at the anode is directly 
proportional to the radiation reaching the PMT, which in turn is proportional to the 
concentration of the analyte that emits at that wavelenght. 
Other type of detectors, more recently introduced are the solid state detectors (generally 
charge-transfer devices (CTDs)) which have a high quantum efficiency (over 40%) and a 
very low dark current effect (signal generated in the absence of any photons), but have 
similar detection limits, sensitivities and linear ranges to PMT-based instmments. Detailed 
information of how solid state devices work can be found elsewhere^^^. 
The signal output from the detector is usually amplified, converted into a digital signal with 
an analogue-to-digital converter (ADC) and input into a microcomputer. Finally it is the 
microcomputer that gives the read-out and processes all the data. 
A number of Instnjment designs have been developed as well as several sample 
introduction techniques. An annual review covering the latest developments in ICP-AES 
instrumentation and applications: "Atomic Spectrometry Update, Atomic Emission 
Spectrometry" may be found in the Journal of Analytical Atomic Spectrometry^^^^^. In the 
following pages the basic components of an ICR-MS are briefly described. 
1 .3 .4 I N D U C T I V E L Y C O U P L E D P L A S M A M A S S S P E C T R O S C O P Y 
The practical applications for ICP-MS are broadly similar to those for ICP-AES, although Its 
better sensitivity and Inherent multi-element detection has resulted In applications that are 
impossible to perform using standard ICP-AES Instrumentation. Examples of such 
applications include the determination of ultra-low levels of Impurities in 
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semiconductors^^^'^^ and the determination of long-lived radionuclides in the 
environment^^^*^^. In addition, ICP-MS is the most suitable technique for the determination 
of the lanthanide elements in many geological applications because of the improved 
sensitivity and because the mass spectmm Is more simple than the optical spectrum'^' '^^. 
ICP-MS has also become a widely accepted method for isotopic measurements and for 
isotope dilution analysis 
The methods of sample introduction and the processes occurring within the plasma are 
similar to ICP-AES. For the detection system to give a signal, the analyte must be ionised 
because the mass spectrometer separates the analytes according to their mass to charge 
ratio (m/z). Therefore in ICP-MS the plasma is used as an ion source rather than an 
emission source as in ICP-AES. The efficiency of ionisation is dependent on first ionisation 
potential (LP.) of the analyte. Argon has a 1^' LP. of 15.76 eV. Therefore any analyte that 
has a 1^* I.P.< 15.76 eV will be at least partially ionised in the plasma and will therefore be 
capable of being detected. The extent of ionisation is one of the factors that affects the 
sensitivity. If an analyte is only partially ionised (e.g. arsenic has a 1^ LP. of 9.81 eV and is 
therefore only about 30% ionised), less of the analyte will be available for detection. 
Therefore sensitivity will be less than for an analyte that is completely ionised (e.g. Cs that 
has a 1^' LP. of 3.89 eV). Another factor that affects the sensitivity is the number of isotopes 
the analyte possesses. This is because the total signal of an analyte is split over the total 
number of isotopes. Thus for an analyte with 8 isotopes is likely to be less sensitive than for 
one with only 1 isotope. In this study, ICP-MS was used for the determination of those 
analytes for which ICP-AES had insufficient sensitivity. 
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1.3.4.1 ICR-MS instrumentat ion 
Ion Sampling Interface 
In ICP-MS, the plasma torch is situated horizontally and is used to generate positively 
charged ions. Ion sampling from an ICP for the purpose of mass spectrometry is complicated 
by the fact that the ions have to be transported from the atmosphenc pressure plasma to the 
low-pressure mass analyser. The plasma must be aligned with a hole (--1 mm diameter) in 
the center of a water-cooled sampler cone usually made of nickel. The analyser side of the 
sampler is held at reduced pressure compared to the plasma, and ions are extracted through 
this onfice. A schematic diagram of the ICP-MS interface is shown in Figure 1.3.7. A 
comprehensive review of the ion sampling process for ICP-MS can be found in the 
literature^^^. A set of electrostatic lenses, placed in a vacuum chamber will focus the charged 
ions, onto the entrance of the mass analyzer, by subjecting them to constant electnc fields. 
F I G U R E 1.3.7.- SCHEMATIC DIAGRAM O F T H E ICP-MS INTERFACE. 
Turtx) 
pump 
Skimmer cone 
Sampling cone 
RF load coil 
• • • Sample aerosol introduced into 
plasma 
Argon plasma at 8000 K 
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Mass analyser 
The role of the mass analyser is to separate the ions according to their mass to charge ratio 
[m/z). The mass spectrum is a record of the relative numbers of ions of different m/z (which 
is usually equivalent to the mass, as ions are frequently single charged). The pressure in the 
analyser section must be below 10"* torr''^. Depending on the energy, momentum and 
velocity of the ions at the analyser the ions are sorted into discrete m/z values. 
The mass analyser is typically a quadrupole mass filter made of four parallel electrically 
conducting rods where opposite rods are connected as shown in Figure 1.3.8. DC voltage is 
applied to parallel rods, +U volts are applied to the first pair and - U volts to the second pair. 
The first pair of rods is also supplied with a RF voltage (+V coswt) and the second pair is 
supplied with (-V coscot) volts. This forms an oscillating hyperbolic field in the area between 
rods. As the RF/DC ratio varies, ions with different m/z are able to pass through to the 
detector. When the ratio is gradually Increased a sequential scan of m/z values is obtained. 
It is also possible to jump from a particular m/z to another, in order to analyse particular 
elements. Advantages of using quadaipole mass analysers are that they are relatively small 
and do not require a focusing slit. Ion sampling Interfaces and mass analysers have been 
described In detail elsewhere®^. 
F I G U R E 1.3.8.- SCHEMATIC DIAGRAM O F A QUADRUPOLE MASS A N A L Y S E R . 
To detector 
Ion beam 
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1.3.4.2 Detector 
Once the ions of selected m/z ratio exit the mass analyser they enter the detector. Several 
types of detector are available although the electron multiplier is the most common. 
The ion beam reaches the detector and strikes a plate at high voltage. The ions stimulate the 
ejection of electrons, which are accelerated by the voltage and multiplied in one of two ways. 
The number of the electrons detected at the end of the multiplier provides a greatly 
enhanced signal that is recorded by the data acquisition software and reported as either 
counts per second (cps) or in the form of chromatogram in case of time resolved analysis 
(TRA) mode acquisition. 
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1.4 C H E M O M E T R I C S - A N O V E R V I E W 
Chemometrics has been defined by Massart et afP^ as "the chemical discipline that uses 
mathematics, statistics and formal logic: 
to design or select optimal experimental procedures, 
to provide maximum relevant chemical Information by analysing chemical data, 
and to obtain knowledge about chemical systems." 
Chemometrics procedures have proved to be useful through many steps of the analysis, 
from the first step when the experiment is created or designed, to the interpretation and 
classification of the data, even prediction of future results. 
An accessible approach to the subject can be found In: "Chemometrics, a textbook"'^^^. There 
are also some texts focused on the application of chemometrics in environmental science 
"Chemometrics in Environmental Analysis" by Einax et a/.^^, laboratory systems such as the 
Brereton compilation^^^ and "Chemometrics in Analytical Spectroscopy" by M J . Adams^''^. A 
more descriptive and complete text form are the two volumes "Handbook of Chemometrics 
and Oua//me/rics"'^'' '^l 
Chemometrics methods may be divided into four groups depending on the objective: 
• Experimental design procedures for experiment planning and optimisation. 
• Pattern recognition and classification methods for exploratory analysis. 
- Multivariate regression methods for calibration process. 
• Artificial intelligence, expert systems and neural networks for learning purposes. 
Most chemometric methods are based on multivariate analysis which can be defined as any 
statistical, mathematical or graphical approach that considers multiple variables 
simultaneously. 
38 
CHAPTER 1: INTRODUCTION 
1.4.1 E X P E R I M E N T A L D E S I G N 
In order to get the maximum amount of information from the smaller number of experiments 
and also to collect only the interesting information that we require, experimental design is 
applied when planning and/or optimising a new experiment. By planning experiments, the 
influence of different parameters can be considered simultaneously in a systematic way. 
There are four steps to follow when performing experimental design: 
i. Definition of the objective, i.e. better understanding, finding optimum value of a 
variable, organising variables in terms of importance etc. 
ii. Definition of the variables that will be controlled during the experiment (design 
variables), and their ranges of variation. 
iii. Definition of the response variables that will be measured to describe the outcome of 
the experimental runs. 
iv. Selection between the available standard designs. The design selected must be 
compatible with the objective and the number of design variables and its levels and 
also have a reasonable cost. 
There are two different types of designs: screening designs and optimisation designs. Full or 
Fractional Factorial designs and Plackett-Burman designs are the more common screening 
designs, while Central Composite Designs are the most common optimisation design. 
In this thesis Factorial designs and Central Composite Designs have been applied to the 
optimisation of the method. A Full Factorial design is often used for extensive study of the 
effects of few variables, however when there are many variables, a Fractional Factorial 
design is recommended. It gives us as much information as possible about the main effects 
of the design variables with the minimum number of experiments. 
Central Composite design is a type of experimental design often used for response surface 
modelling and optimisation. They can be built as an extension of a previous factorial design 
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and the response surfaces obtained will help us to obtain the optimum value for each 
variable. 
Detailed information on those designs can be found elsewhere^"^'^'". 
1.4.2 PATTERN RECOGNITION AND CLASSIFICATION METHODS 
The traditional way to study the obtained results involves graphical data display and 
descriptive statistics. However, these methods are seriously limited when many variables are 
employed to describe the same object or sample. Patterns recognition techniques play an 
important role in the study of large data set by reducing the number of variables and 
detecting any possible structure in the relationships between variables in order to classify 
objects. 
1.4.2.1 Principal components analysis 
Principal components analysis (PCA) is well known as a data reduction technique. Usually 
the analysis of a large number of samples and measurement of many variables lead us to 
large data tables which contain huge amount of information. The effective interpretation of 
the data requires many dimensions and chemometrics help us to reduce the number of 
dimensions, either by selecting an important subset of the original variables, or by creating a 
set of new variables, which are more efficient than the originals in describing the data^^^. 
The creation of new variables can be approached in several ways; two of these are 
projection and mapping. Projection is the more common technique and involves using 
weighted linear combinations of the original variables to define a new, smaller set of 
variables, which contain neariy the same information as the original variables. The most 
frequently used projection technique is principal component analysis (PCA). Mapping is 
similar to projection, but the transformations considered in this case are non-linear and 
results may be difficult to interpret. 
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Basically, PCA finds the maximum variations in the data and forms new variables known as 
Principal Components (PCs) that will contain in decreasing order the main structured 
information in the data. 
Each component of a PCA model is characterised by three complementary sets of attributes: 
Loadings describe the relationships between the new variables and the original variables; 
Scores represent values for each sample on each principal component; 
Variances are error measures; they tell us how much information is taken Into account by the 
successive PCs. 
1.4.2.2 Factor analysis 
Factor analysis is another method for data reduction also based on principal components. It 
extracts underiying factors by means of a PCA and performs orthogonal rotation to make the 
factors more interpretable^**®. 
1.4.3 M U L T I V A R I A T E R E G R E S S I O N M E T H O D S 
Regression is a generic term for all methods attempting to model the relationship among 
measured or observed quantities. Usually a single response is a function of several 
predictors. The model consists of a systematic part, and a random part (also called model 
error or residual). The goal of regression analysis is double: modelling and predicting, i.e. 
describing the predictor-response relationship in algebraic form and calculating unknown 
responses from such equation. Univariate regression uses a single predictor, which Is often 
not sufficient to model a property precisely. Multivariate regression takes into account 
several predictive variables simultaneously, thus modelling the property of interest with more 
accuracy^'*^. 
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1.4.3.1 Multiple Linear Regression 
Multiple Linear Regression (MLR) is a well-known statistical method based on ordinary least 
squares regression. It estimates the model coefficients by the equation: 
B = (M^M) ' Y EQUATION 1.2 
If the variables are not lineariy independent collinearity problems will appear when the matrix 
M is inverted. This is why the predictors are called independent variables in MLR; a crucial 
requirement for variables used as predictors in MLR is their ability to vary independently of 
each other. MLR also requires more samples than predictors, otherwise the matrix cannot be 
inverted' '^ 
1.4.3.2 Principal Component Regression 
Principal Component Regression (PCR) is a two-step procedure that first decomposes the M 
matrix by PCA, then fits an MLR model, using the PCs instead of the raw data as predictors. 
1.4.3.3 Partial Least Sguares - or Projection to Latent Structures 
Partial Least Squares (PLS) models simultaneously X- and Y-matrices to find the latent 
variables in X that will best predict the latent variables in Y, PLS-components are similar to 
principal components, and are usually also referred to as PCs. A tutorial review on the 
subject has been recently published by Brereton^'*®. 
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1.4.4 A P P L I C A T I O N S O F C H E M O M E T R I C S 
Many applications of chemometric models in analytical chemistry have been reported and a 
number of reviews on the subject have been published^''^'^^. Due to the large amount of 
information that can be obtained from computer assisted analytical instruments, the use of 
chemometrics by analytical chemists has increased. 
The use of experimental design for screening, optimisation and quantification in analytical 
chemistry has been discussed by Araujo and Brereton^^^"*". 
The application of pattern recognition and classification techniques is also widely used. 
Several beverages and foods have been classified and/or authenticate using the metal 
contents (often determined by spectroscopic analysis) and chemometrics methods. 
Examples are the determination of the quality of olive o i ls '^ , the classification of coffees^^, 
teas^* and wines^^^. Applications in environmental chemistry include determination of trace 
metal distribution In soils®^'^^ and the study of pollution of industrial soils^^^. In particular 
PCA has also been applied for fundamental studies such as the improvement of the short-
term precision in ICP-AES measurements^®". Factor analysis has been applied to evaluate 
metal distribution in soils^®^ and water samples'®^. 
Multivariate regression methods are also widely used in analytical chemistry, especially with 
respect to the instrument callbratlon^"'^^. In addition, several reviews have been published 
on the application of chemometrics to ICP-AES data. 
Brown^^ reported in 1998 the current trends in the data handing procedures In chemistry 
and chemical engineering. Van Veen et a/.^ ®® reviewed the application of multivariate 
analysis to ICP-OES. Recently past, present and future situation of chemometrics has been 
discussed by Wold^^ and Lavine^^. 
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1.5 O B J E C T I V E S O F T H E S T U D Y 
Concern over possible health and ecological effects due to the accumulation of heavy metal 
contaminants in the environment has prompted numerous investigations into metal 
partitioning in soils and sediments. Most of these studies have focused on total metal 
concentrations and relatively few attempts have been made to evaluate the operationally 
defined "speciation" of metals in particulate form. However it is now widely recognised that 
the development of new strategies to quantify chemical forms of metals in soils is essential 
when estimating the mobility and bioavailability of the metals in the environment^^'^^. 
particulariy since metals in soils may be present in several different physico-chemical 
phases acting as reservoirs or trace element sinks. 
In order to obtain information on the distribution of metals between these soil/sediment 
phases, sequential chemical extraction has proved to be one of the most useful methods 
currently available. Several extraction schemes have been reported involving single or 
multiple extracting reagents for partitioning trace elements in sediments, soils and sludge; 
most of these modifications of Tessier's extraction protocol'^. Although this method has been 
widely accepted and applied to metal fractionation in soils and sediments in many studies, it 
is important to highlight that sequential extraction procedures are often tedious and time 
consuming and that they also suffer from a number of limitations, such as the problem of 
achieving selective dissolution and the re-adsorption of trace metals during extraction. 
The main aim of this thesis was to develop, optimise and characterise a new rapid and 
reproducible extraction method for the evaluation of trace metal distribution in soils and 
sediments by combining results obtained from atomic spectroscopic measurements with 
chemometric processing of the data. By following a simple sequential extraction procedure 
the physico-chemical phases of the sediment and their percentage elemental composition 
would be obtained. 
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The method once developed was evaluated with a range of reference materials and tentative 
assignments were made In order to characterise the different physico-chemical phases in 
some certified reference soils. This was done by comparison with previously obtained data 
following Tessier's protocol. At all stage of the study consideration was given to the 
underiying fundamental principles of the extraction chemistry. 
Once optimised, the method was used to perform a study of the effect of the amount of 
humic acids present in soils and sediments on the bioavailability of trace metals and applied 
to the characterisation of areas of interest regarding trace metal contamination. 
Finally an on-line automated multisequential extraction system was constructed and coupled 
to the detection instrument (ICP-AES/MS) to allow the fast characterisation of soils and 
sediment samples. 
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CHAPTtR 2: D E V E L O P M E N T & OPTIMISATION O F A N O V E L E X T R A C T I O N P R O T O C O L 
2.1 I N T R O D U C T I O N 
In this Chapter the optimisation of a new extraction protocol using an experimental design 
approach is reported. The concept, developed at the British Geological Survey (Nottingham, 
UK) by Cave and Wragg^ was used as starting point for this thesis. This new method was 
multi-elemental and able to predict the composition of the physico-chemical phases in soils 
and sediments. Chemometric approaches were needed to obtain maximum information. A 
novel approach based on a simple product of matrices was developed and formed the basis 
for calculations, although many statistical and chemometric packages have been used 
throughout the study to aid both method development and interpretation of the data 
obtained. 
For the experimental design, a set of variables which could potentially affect the sequential 
extraction were chosen. These were altered within a pre-defined range so that their effects 
on the output variables (responses) could be estimated and checked for significance. The 
application of a factorial fractional design followed by a central composite design provides 
additional information in addition to a reduction in the length of the procedure and better 
recoveries. 
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2 . 2 E X P E R I M E N T A L 
2.2.1 A N A L Y S I S O F E X T R A C T S U S I N G I C P - A E S / M S 
The determination of metals in the extracts of different pH was carried out by ICP-AES 
(Optima 3000, Perkin Elmer Corporation, Norwalk. USA). The Optima 3000 ICP AES 
instrument utilises a radially viewed plasma and provides rapid, simultaneous measurement 
of 5000 emission lines. Some other important features include: rapid analysis, measurement 
of 60 elements in less than 1 minute, measurement of spectral background at the same time 
as the analyte line, RF generator with true power control, easy access to sample 
compartment and torch assembly and the ICP WinLab software. The operating conditions 
employed as standard conditions for multielement analysis are shown in Table 2.2.1. 
In some cases ICP-MS was used when the analyte concentration was too low for precise 
determination by ICP-AES. The instrument used was a PlasmaQuad PQ2+ (Fisons 
Instruments, Winsford, Cheshire, UK). The ICP-MS operating conditions are summarised in 
Table 2.2,2. Ion lens settings were adjusted daily. The power and gas flows conditions had 
been previously optimised for multiement analysis with the same instrument^^^. 
2 .2 .2 R E A G E N T S 
All solutions were prepared using ultrapure-deionized water supplied from a Mllli-Q-System 
( E L G A , Buckingham. UK) and all the reagents were AristaR grade (BDH. Poole, Dorset, UK) 
unless otherwise stated. 
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T A B L E 2 .2 .1 . - I C P - A E S O P E R A T I N G CONDITIONS 
Plasma source file conditions: 
Power (W) 
Gas Flows: 
Plasma (I min ^ ) 
Nebuliser (I min"^) 
Auxiliary (I min"^) 
Viev^ng Height above load 
coil (mm) 
1300 
15 
0.8 
0.5 
15 
Element Wavelength (nm) 
Al 308.215 
Ba 233.527 
Ca 317.933 
Cd 214.438 
Cu 324.754 
Fe 238-204 
K 766.491 
Mg 279.079 
Mn 257.61 
Na 330.237 
P 213.618 
Pb 220.353 
S 180.669 
Si 251.611 
Sr 407.771 
Ti 334.941 
V 292.402 
Zn 213.856 
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T A B L E 2 .2 .2 . - I C P - M S O P E R A T I N G CONDITIONS AND INSTRUMENT SPECIFICATIONS 
Instnjment PQ2+ Turbo 
Sample Introduction Ebdon Nebuliser 
RF Power 1350W 
Spray Chamber Scott double pass 
Sampler cone Ni 
Skimmer cone Ni 
Quadnjpole Mass range 0-245 amu (atomic mass unit) 
Detector Electron multiplier operating 
In pulse counting mode 
Software Peak jump (10 ms dwell time) 
Coolant gas flow (1 min'^) 13.5 
Auxiliary gas flow (1 min'^) 1 
Carrier gas flow (1 min"^) 0.9 
Ion tens settings Adjusted daily to give 
optimum signal for ^^^In* 
2 . 2 . 3 S E Q U E N T I A L E X T R A C T I O N P R O C E D U R E 
The Whatman® "Vectaspin 20" centrifuge tubes used in this study consisted of two tubes. 
The inner tube contained both the test sample (-1g was weighted ±0.001) and the aliquot of 
extractant. The external tube collected the extractant after centrifugation had been 
performed. By removing the inner tube, the collected extractant in the outer tube could be 
readily removed for subsequent analysis by I C P - A E S / M S . The next aliquot of extractant was 
then added to the inner tube, and again collected in the outer tube following centrifugation. 
This procedure was repeated for all fractions (typically 10-18) until the final aliquot was 
added (at maximum acidity). 
Centrifugation of the extracts was performed using a Centaur2 Centrifuge (Sanyo. 
Loughborough, Leicestershire. UK) at 2000-3000 r.p.m. for 8-12 min. 
49 
C H A P T E R 2: D E V E L O P M E N T & OPTIMISATION OF A N O V E L E X T R A C T I O N P R O T O C O L 
Whatman® "Vectaspin 20" polypropylene centnfuge tubes fitted with filter inserts were used 
as extraction vessels (Fisher Scientific. Leicestershire. UK). The filters used were fabricated 
from an inorganic Anopore membrane (pore size 0.2 ^m) and incorporated a pre-filter of 
the same material (Fisher Scientific) 
F I G U R E 2.2.1.- CONSTRUCTION O F CENTRIFUGATION T U B E S USED FOR S E Q U E N T I A L 
EXTRACTION 
• outer collection tube: 
'Vectaspin 20" polypropilene centrifuge tube 
extractant 
soil/sediment sample 
> 0.20 lam "Anopore" filter tube insert 
• sequential leachates 
2.2.4 T E S T M A T E R I A L 
The method was tested on a NIST (National Institute of Science and Technology. 
Gaithersburg. Maryland, USA) certified reference material. CRM 2710. This CRM is a highly 
contaminated soil from pasture land along Silver Bow Creek in the Butte. Montana area 
(USA) and it is certified for high levels of heavy metals, in particular Cu, Mn, Pb and Zn 
(Table 2.2.3). It has been widely used in studies involving sequential extraction 
procedures 71.170.171 
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T A B L E 2 . 2 . 3 . - C E R T I F I E D coMPOsmoN O F T H E N I S T C R M - 2 7 1 0 
Element CERTIFIED VALUE Uncertainty [%] 
(mg kg ') 
Ag 35.3 4 
Al 64400 1 
As 626 6 
Ba 707 7 
Ca 12500 2 
Cd 21.8 1 
Cu 2950 4 
Fe 33800 3 
Hg 32.6 6 
K 21100 5 
Mg 8530 5 
Mn 10100 4 
Na 11400 5 
Ni 14.3 7 
P 1060 14 
Pb 5532 1 
S 2400 2 
Sb 38.4 8 
Si 289700 1 
Ti 2830 4 
V 76.6 3 
Zn 6952 1 
2 . 2 . 5 D A T A T R E A T M E N T 
One of the main aims of this study was to develop a new method for the evaluation of trace 
metal content in soils and sediments. Therefore once the method had been developed, 
optimisation of the parameters was required, followed by testing on reference materials and 
subsequently, analysis of real samples. 
Data treatment (chemometrics) played an important role in this study since large data sets 
were obtained after analysis of the sequential leachates. 
51 
C H A P T E R 2: D E V E L O P M E N T & OPTIMISATION O F A N O V E L E X T R A C T I O N P R O T O C O L 
Optimisation of the method was performed via experimental design with Unscrambler 7.01 
being used to design the experiments. Response surfaces and ANOVA tables obtained for 
each metal were studied using this software. UNSCRAMBLER 7.01 is a software package 
which allows the operator to use experimental design and multivariate data analysis during 
the developmental phase, instead of the more traditional approach, which focuses on one 
variable at a time. 
Once the method has been optimised, several statistical and mathematical packages were 
used to study the large data sets: 
• SCAN 1.1 (Software for Chemometric Analysis, Minitab Inc., State College. 
Pennsylvania, USA), which allows Factor analysis with orthogonal rotation. Factor 
analysis extracts underiying components and rotation aids Interpretation. SCAN 
calculates the factors by principal component analysis. 
• STATISTICA 5.1 (StatSoft. Inc.. Tulsa, USA) is a complete statistical data analysis 
system incorporating presentation graphics with all procedures. STATISTICA was used 
to perform Multiple Linear Regression (MLR) analysis. 
• An iterative process that leads to interpretation of the data obtained after sequential 
extraction has been designed in MathCad Plus 7.0 (MathSoft. Inc., Surrey, UK) by Dr. 
Mark Cave at B G S ' " . 
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2 . 3 R E S U L T S A N D D I S C U S S I O N 
2.3.1 OPTIMISATION O F T H E METHOD: E X P E R I M E N T A L D E S I G N A P P R O A C H 
In order to achieve the maximum recovery of metals present in the sediment, a number of 
factors that may affect the extraction efficiency such as centrifugation rate, centrifugation 
time, ratio of extractant volume/sample weight, number of extraction steps, acid type and 
acid concentration had to be optimised. The objectives of the optimisation of the method is to 
find the optimum conditions to achieve maximum recovery of each element (in total for the 
14 sequential leachates) compared to the certified values of the same elements in the 
reference material. The conditions (centrifugation time, centrifugation rate etc) that give the 
best recoveries for each element are optimised using the total values in mg/kg obtained for 
each element extracted within the 14 leachates. These values can be seen in Tables 2.3.3 
for fractional factorial design and 2.3.5 for the central composite design. 
In general, the experimental design approach requires fewer measurements than the 
classical optimisation trials to give similar precision. The method detects and estimates 
interactions between factors, an advantage when compared with classical approaches. The 
main objective when analysing experimental design data Is to calculate and evaluate a list of 
the main effects and interaction effects given by the ANOVA table for each element. Once it 
is known which effects are significant (i.e. those for which p<0.05 for a confidence interval of 
95%), the experiment can be extended to obtain optimum conditions. 
2.3.1.1 Screening design 
A preliminary screening design was applied in order to find out which variables were most 
important. Two levels, upper and lower, were defined for each variable except from acid 
type where the category variable had two possible levels -HNO3 and aqua regla. The values 
corresponding to the higher (+) and lower (-) points for each variable are shown in Table 
2.3.1, 
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Centrifugation time of the sample was varied between 8 and 12 minutes and the speed 
ranged from 2000 to 3000 r.p.m. The extractant reagents used were HNO3 and aqua regia. 
Both of these have previously been used in extraction procedures for different metals in 
soils^^-^''**®^. In particular, nitric acid has been proved to be an efficient extractant reagent 
for some heavy metals^\ 
T A B L E 2 . 3 . 1 D E S I G N V A R I A B L E S AND R A N G E O F VARIATION 
Design Variable Range 
Centrifugation Time 8-12 min. 
Centrifugation Rate 2000-3000 rpm 
Extraclant HNOs/HChHNOa 
Number of extracts from 10 to 18 
Acid Concentration Range 0-3M / 0-7M 
Ratio volume/weight From 5:1 to 10:1 
The number of extracts refers to the number of different acid solutions with decreasing pH 
that were passed through the same sample sediment. Extract one and two were always Milli-
Q water whereas the last extracts (nine and ten or seventeen and eighteen) were either 3M 
HNO3 or 7M HNO3 acid depending on the experiment number. 
The following solutions ranging from 0.01 M HNO3 to 3 M HNO3 or 7M HNO3 were used: 
Case 1: 
0-3 M HNOjand 10 extracts 
Milli-Q water (extracts 1 and 2), 0.01 M H N O 3 (extracts 3 and 4), 0.1M H N O 3 (extracts 5 and 
6). 
Case 2: 
0-3 M HNOsand 18 extracts 
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Milli-Q water (extracts 1 and 2), 0.01 M HNO3 (extracts 3 and 4), 0.05 M HNO3 (extracts 5 
and 6), 0.1 M HNO3 (extracts 7 and 8), 0.3M HNO3 (extracts 9 and 10). 0.5M HNO3 (extracts 
11 and 12). 1M HNO3 (extracts 13 and 14), 2M HNO3 (extracts 15 and 16) and 3M HNO3 
(extracts 17 and 18). 
Case 3: 
0-7 M HN03and 10 extracts 
Milli-Q water (extracts 1 and 2), 0.01 M HNO3 (extracts 3 and 4). 0.1 M HNO3 (extracts 5 and 
6). 1M HNO3 (extracts 7 and 8) and 7M HNO3 (extracts 9 and 10). 
Case 4: 
0-7 M HN03and 18 extracts 
Milli-Q water (extracts 1 and 2), 0.01 M HNO3 (extracts 3 and 4), 0.05 M HNO3 (extracts 5 
and 6), 0.1 M HNO3 (extracts 7 and 8). 0.5M HNO3 (extracts 9 and 10), 1M HNO3 (extracts 
11 and 12). 3M HNO3 (extracts 13 and 14). 5M HNO3 (extracts 15 and 16) and 7M HNO3 
(extracts 17 and 18). 
The volume of the extracts was fixed to 10 ml whereas the sample weight varied between 1 
and 2 g. Therefore the ratio of volume/weight ranged from 5:1 to 10:1. 
For this study a Fractional Factorial design (FFD) was chosen since it facilitates an 
investigation of as many design variables as a Full Fractional design, but with fewer 
experiments. The corresponding Fractional Factorial design is given in Table 2.3.2. The 
resolution level of the FFD was set to IV, so that the main effects of each design variable 
with the response were not confounded with two factor interactions (combination of two 
variables that might affect the response). Usually when the number of factors is bigger than 
three, as in this case, three order interactions are assumed to be negligible as they are often 
much smaller than main effects and two factor interaction effects^'*^. Taking these 
interactions into account would also double the number of experiments. 
55 
C H A P T E R 2: D E V E L O P M E N T & OPTIMISATION O F A N O V E L E X T R A C T I O N P R O T O C O L 
T A B L E 2 .3 .2 . - EXPERIMENTAL DETAIL F O R T H E FRACTIONAL F A C T O R I A L D E S I G N 
Experiment 
Centrifugation 
Time (min.) 
Centrifugation 
Rate (r.p.m.) 
Maximum Acid 
Concentration (M) 
Extractant 
VoL/Weight 
Ratio 
Number of 
extracts 
C u b e d a 8 2000 3 HNO3 5 10 
Cube02a 12 2000 3 HNO3 10 10 
Cube03a 8 3000 3 HNO3 10 18 
CubeCMa 12 3000 3 HNO3 5 18 
Cube05a 8 2000 7 HNO3 10 18 
CubeOea 12 2000 7 HNO3 5 18 
Cube07a 8 3000 7 HNO3 5 10 
CubeOSa 12 3000 7 HNO3 10 10 
Cube09a 8 2000 3 HCI:HN03 5 18 
CubelOa 12 2000 3 HCI:HN03 10 18 
Cube11a 8 3000 3 HCI:HN03 10 10 
Cube12a 12 3000 3 HCI:HN03 5 10 
Cube13a 8 2000 7 HCI:HN03 10 10 
Cube14a 12 2000 7 HCI:HN03 5 10 
Cube15a 8 3000 7 HCI:HN03 5 18 
Cube16a 12 3000 7 HCI:HN03 10 18 
The sixteen experiments provided a total of 224 solutions, which were then analysed by ICP-
AES for the elements Al. Ba. Ca, Cd, Cu, Fe, K. Mg. Mn, Na. P. Pb. S. Si, Sr. Ti, V and Zn. 
Data obtained for total metal in each experiment is given in Table 2.3.3. 
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T A B L E 2 .3 .3 . - DATA OBTAINED (mg kg-^) F O R T H E FRACTIONAL F A C T O R I A L D E S I G N (PARAMETER TO B E OPTIMISED) 
Exp. Al Ba Ca Cd Cu Fe K Mg Mn Na P Pb s Si Sr Ti V Zn 
CubeOla 2932.38 465.00 3875.89 23.32 4051.44 4730.76 2075.48 670.72 3696.04 978.62 2065.08 5887.40 1187.17 1210.60 175.12 75,33 14.46 3336.64 
Cube02a 2639.21 447.89 4160.16 27.29 4827.78 5694.32 2167.54 680.50 4659.94 1163.82 1286.78 5960.55 1566.61 1062.14 467.84 77.21 9.36 4374.58 
Cube03a 4160.06 616.46 4007.37 26.34 5512.73 6351.17 2239.14 633.71 3823.27 893.24 1076.29 6368.33 1104.02 1561.04 838.59 79.86 21.01 3816.27 
CubeCMa 3765.55 716.63 3684.72 25.25 4199.48 5636.31 2163.87 738.52 3879.72 1148.66 1203.21 6051.57 1674.99 1748.93 423.54 73.37 8.12 3515.08 
CubsOSa 5495.05 652.44 4468.18 27.85 5704.01 7577.05 2943.94 938.98 5288.52 1588.12 2386.73 6807.39 1905.26 2053.97 613.25 129.25 17.92 4648.15 
CuboOGa 3826.48 541.20 3874.17 22.37 4522.48 6633.77 2290.96 804.18 5084.89 1092.42 1254.63 6108.33 1688.89 1552.64 419.87 100.94 12.73 4038.72 
CubG07a 2334.82 481.83 3697.76 21.60 3534.40 4703.31 1931.79 568.78 4181.39 1070.59 1180.79 5613.53 1257.41 905.74 237.19 62.05 17.88 3504.33 
CubeOBa 7351.03 1422.46 6221.95 50.78 8548.14 11882.77 3753.53 1077.68 8938.13 2057.71 3119.05 14766.15 2896.10 2196.40 474.92 149,33 31.59 7202.90 
Cubo09a 5068.01 690.10 4911.87 30.48 5253.77 9700.21 2445.64 1000.81 7506.94 2030.17 2537.76 7282.57 1845.99 2398.52 311.20 155.34 23.17 5296.71 
CubelOa 5210.24 621.94 3648.66 22.03 5478.15 8590.09 2242.84 770.26 5415.44 1417.58 1077.69 5964.32 1657,50 1845.02 832.75 125.83 8.95 5113.65 
Cubel1a 3443.22 613.23 4316.09 33.09 4896.05 7416.75 2509.91 766.65 6132.17 1190.41 1350.47 6881.71 1843.39 1225.33 469.59 109.38 27.39 4770.12 
Cube12a 7043.27 1386.23 8537.97 61.07 7707.78 15459.78 4596.17 1621.64 13459.45 4190.03 3154.41 13660.98 4206.23 2538.52 247.30 202,54 36.59 11366.35 
Cube13a 9929.25 684.41 5293.21 33.30 6665.50 14023.04 3273.40 2239.00 8345.88 2153.18 3326.23 7792.52 3238.02 1284.85 345.67 380.00 28.87 5752.54 
Cube14a 3304,48 426.78 3867.45 24.60 4295.61 7340.36 2155.03 901.32 5330.04 1596.70 1441.82 5686.84 3338.95 974.78 236.13 108.31 17,22 4789,82 
Cube15a 5085.59 684.61 4034.96 28.14 5076.50 11706.59 2663.81 1233.30 7301.67 1948.19 1470.37 6653.00 5055.38 1759.08 423.48 257.61 31.14 6539.56 
Cube16a 16330.32 1907.39 9265.90 83.14 10901.54 25337.19 6051.43 2793.12 16262.83 4568.40 3372.85 15211,66 9508.47 3668.18 651.79 410.85 37.64 15152.41 
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A classical method used to assess the significance of effects, once the screening design has 
been performed, is ANOVA (Analysis of Variance) which decomposes a response's variance 
into defined fractions, related to variations in the predictors, and a residual component which 
summarizes the experimental error. 
The effect of a design variable on a response is judged to be significant if the variations in 
the response value due to variations in the design variable are large compared with the 
experimental error. The significance of the effect is given as a p-value: usually, the effect is 
considered to be significant at the 95% confidence level if the p-value is smaller than 0.05. 
This value was studied for each metal and each variable or interactions between two 
variables. 
Thus the independent analysis of variance (ANOVA) for each element Identified which of the 
variables could be kept constant. One important observation was that the number of steps in 
the extraction procedure was found to be non-significant for 17 metals and therefore 14 
steps were fixed for further experiments. A second ANOVA analysis was performed without 
taking the number of extracts into account. The ANOVA table for each element was studied 
and the three variables with smaller p-values were found to be centrifugation time, 
centrifugation rate and the ratio extractant volume:sample weight. By summing each metal 
concentration in all the extracts, nitric acid was found to be a better extractant than aqua 
regia in terms of reproducibility and also a better correlation between the chemical phases 
extracted with nitric acid and those obtained with the Tessier scheme was obtained. The 
final concentration for the extractant had no significant effect on the extraction. 
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2 .3 .1 .2 Qpinriisation design 
The FFD design was extended to a Central Composite design (CCD) using the three design 
variables that were found to be significant. CCD was performed in order to obtain the 
optimum conditions with the three continuous variables found to be significant for this study. 
The design included a total of: 2*" + 2k + n runs, where k is the number of factors studied 
(centrifugation time, centrifugation rate and ratio of extractant volume:sample weight i.e. 
k=3). 2" are the points from a factorial experiment, i.e. eight for cube experiments, and 2k 
are the number of points carried out on the axes at a distance of ±a from the centre, a three 
variable central composite design is rotatable if a = ± 1.68^^^. This value is calculated by the 
software. The number of experiments at the centered conditions was fixed at n=2. That gave 
a total number of sixteen experiments. Figure 2.3.1 illustrates the design for three variables. 
Cube experiments are those located in the corners of the cube; center samples are located 
at the center of the cube and star samples are located outside the cube; by default, their 
distance to the center is the same as the distance from the cube samples to the center (so 
that cube and star samples carry information with equal weight on the analysis). 
F I G U R E 2 .3 .1 . - C E N T R A L C O M P O S I T E DESIGN WITH T H R E E DESIGN V A R I A B L E S 
•High B-Expl. 
Cube Expt. 
•High A-Expt 
1 
-ArrflTT... 
• 
•High 
C-Expt 
Cenl-Expl. 
\ •Low C-Expt. 
• n^^ow A-ExpL 
•Low B-Expt. 
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All experiments were performed randomly without replication. The experimental conditions 
used for the central composite experimental design study are given in Table 2.3.4 and the 
data obtained is shown in Table 2.3.5. 
T A B L E 2 .3 .4 . - EXPERIMENTAL DETAIL F O R T H E C E N T R A L coMPOsn-E D E S I G N 
Experiment 
Centrifugatton 
Time (min.) 
Centrifugation 
rate (r.p.m.) 
Ratio 
Vol./welght 
CubeOla 8 2000 5 
Cube02a 12 2000 10 
Cube03a 8 3000 10 
Cube04a 12 3000 5 
CubeOSa 8 2000 10 
CubeOBa 12 2000 5 
Cube07a 8 3000 5 
CubeOSa 12 3000 10 
*L:A-a 6.6 2500 7.5 
*H:A-a 13.4 2500 7.5 
*L:B-a 10 1659 8 
*H:B-a 10 3341 8 
*L:C-a 10 2500 3 
*H:C-a 10 2500 12 
Cent-a 10 2500 8 
Cent-b 10 2500 8 
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T A B L E 2.3.5.- DATA OBTAINED F O R C E N T R A L COMPOSITE DESIGN (mg kg'^) 
Exp. Al Ba Ca Cd Cu Fe K Mg Mn Na P Pb S Si Sr Ti V Zn 
CubeOla 2932.38 465.00 3875.89 23.32 4051.44 4730.76 2075.48 670.72 3696.04 978.62 2065.08 5887.40 1187.17 1210.60 175.12 75.33 14.46 3336.64 
Cube02a 2639.21 447.89 4160.16 27.29 4827.78 5694.32 2167.54 680.50 4659.94 1163.82 1286.78 5960.55 1566.61 1062.14 467,84 77.21 9.36 4374.58 
Cube03a 4068.41 382.51 6719.15 11.86 6588.96 7056.47 2891.19 1021.04 5173.92 1589.19 1661.28 9354.31 1486.56 1756.55 411.18 12.28 12.38 4998.06 
Cube04a 2559.89 973.72 4489.52 14.38 4851.29 4932.25 2334.92 805.13 3351.82 1413.00 1544.62 7475,85 2825.59 1049.44 122.97 5.91 4.32 3424.81 
CubeOSa 2278.21 243.59 2502.45 12.24 4432.37 4268.02 10281.34 10.04 3763.40 1913.57 1213.10 6762.34 1151.97 397.97 303.83 44.77 8.15 3711.22 
CubeOGa 2157.60 249.99 3879.48 10.48 4352.14 3813.30 7285.66 183.92 4371.41 1609.86 1545.00 7088.11 1200.40 898.75 172.07 25.42 5.02 3795.86 
Cube07a 2129.54 252.87 4391.14 6.57 4560.67 4422.18 2567.13 699.75 3319.02 1078.09 1407.70 7231.68 1529.50 1206.11 234.68 7.08 5.62 3279.66 
CubeOSa 4250.27 1194.88 5975.21 24.28 6147.32 6824.03 3069.25 958.19 5262.86 1084.27 1482.46 10191.91 3794.94 1776.08 201.25 9.26 8.74 4674.75 
'L:A-a 2203.32 228.70 4446.31 12.72 4647.83 4381.52 9531.90 344.48 4765.57 1640.58 1430.96 7981.02 1509.62 684.42 258.07 35.64 6.50 4302.54 
'H:A-a 2346.85 268.64 2471.31 10.72 3227.66 5219.70 8261.56 105.84 3595.69 1280.11 814.77 6594.84 921.83 818.10 240.00 35.91 6.52 3035.44 
*L:B-a 1495.79 185.80 1258.15 9.31 2397.78 3620.06 5947.29 20.89 2488.28 870.94 441.50 4802.04 514.12 303.38 222.59 18.96 6.62 2105.61 
*H:B-a 1748.37 220.93 2063.78 10.45 3516.04 4274.37 6855.67 148.98 2964.49 1683.62 954.93 6133.33 1095.86 675.03 234.81 20.97 5.80 2887.12 
*L:C-a 3206.46 268.78 5847.90 7.70 5339.68 6395.25 3214.33 761.17 4492.87 1411.61 1924.74 10657.70 1554.16 1559.61 160.98 7.21 5.68 3992.78 
'H:C-a 4137.27 346.25 8432.12 23,89 7072.92 6866.30 4456.19 1388.49 5978.02 1754.85 1804.80 9382.09 2559.79 1733.38 400.99 11.82 12.51 
5995.54 
Cent-a 3670.37 335.81 7093.24 15.01 7091.48 6531.94 3668.50 1078.29 5531.21 1745.86 2334.55 9966.96 1454.99 1561.60 293.14 8.48 9,18 5425.86 
Cent-b 4784.82 357.18 7297.82 14.23 6723.07 8819.30 3827.21 1120.61 6234.39 2016.55 2118.52 11183.42 1724.08 2086.63 286.18 9.92 8.89 5336.27 
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2 .3 .1 .3 Interpretation of the response surface models 
There are several ways to optimise the responses (18 elements) simultaneously, when the 
number of independent variables is small. Combining the response surfaces to identify the 
optimum conditions is then a simple and often an effective method. Three response surfaces 
were drawn for each element (Figure 2.3.2) and the optimum/compromise conditions for the 
individual extraction of all of the elements are listed in Table 2.3.6. The correlation reflected 
all of the multiple interactions possible between the variables. 
T A B L E 2 .3 .6 . - S A D D L E POINTS (3 V A R I A B L E S ) FOUND F O R E A C H E L E M E N T AND MULTIPLE 
C O R R E L A T I O N 
Element Centrif. Time 
(min) 
Centrif. Rate 
(rpm) 
Vext/W sample 
(ml g-^ ) 
Multiple Correlation 
Al 15.3 5608 58 0.973 
Ba 8.9 2243 9 0.914 
Ca 9.7 2440 3 0.965 
Cd 8.5 1775 9 0.893 
Cu 9.2 2992 23 0.969 
Fe 10.1 2665 10 0.944 
K 9.8 2968 10 0.886 
Mg 9.5 2567 5 0.905 
Mn 9.6 2731 12583 0.977 
Na 399 1087 -568 0.896 
P 9.4 2404 4 0.944 
Pb 9.5 2735 10 0.952 
S 6.5 2088 9 0.933 
Si 9.5 2425 4 0.936 
Sr 3.1 3489 22 0.956 
Ti -0.5 4203 32 0.779 
V 8.3 2274 9 0.936 
Zn 9.1 3020 25 0.961 
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F I G U R E 2.3 .2 . - R E S P O N S E S U R F A C E S OBTAINED F O R T H E 1 8 ELEMENTS AND THE T H R E E DESIGN V A R I A B L E S 
C E N T R I F U G . R A T E VS C E N T R I F U G . T IME C E N T R I F U G . TIME VS V O L EXT. : SAMPLE W. C E N T R I F U G . R A T E VS V O L EXT.: SAMPLE W. 
Al 
H0 3l» «7T( i « j o ? « M l 001 acatm mat i M " " o n HL*" Ba 
<W'«o L i " ^ >'«•?• - « W 7 » ^ ( O I T * ^ nil Ca 
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F I G U R E 2 .3 .2 . - CONTINUED 
C E N T R I F U G . R A T E VS C E N T R I F U G . TIME C E N T R I F U G . T IME VS V O L EXT . : SAMPLE W. C E N T R I F U G . R A T E VS V O L EXT. : SAMPLE W. 
>i1 t w o 1 ) « 9 Cd 
1 Itt^-fi 414- , -CJ 41 u 2 i E a — C u 
_ l « S ; M _ _ _ O | l » . 0 J I S f » » - Fe 
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F I G U R E 2 .3 .2 . - CONTINUED 
C E N T R I F U G . R A T E VS C E N T R I F U G . TIME C E N T R I F U G . TIME VS V O L EXT. : SAMPLE W. C E N T R I F U G . R A T E VS V O L EXT. : SAMPLE W. 
m i r ^ i H l r ^ l • m r < J •774.-03 » i ' < j - 0 3 
tr ••: 44'. • V ' V M Mt23 i 101 ( anttj m > f > . j •4.- . to-f ' Mg 
'»• • .MWHii 4 0 J I » ^ J Mn 
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F I G U R E 2.3.2- CONTINUED 
C E N T R I F U G . R A T E VS C E N T R I F U G . TIME C E N T R I F U G . T IME VS V O L EXT. : SAMPLE W. C E N T R I F U G . R A T E VS V O L EXT. : SAMPLE W. 
1 j r a r o 1 * y ^ ^ Na 
•4W0JI n r ( 2M ' 1 jas^ 
Pb 
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F I G U R E 2 . 3 . 2 - C O N T I N U E D 
C E N T R I F U G . R A T E VS C E N T R I F U G . TIME C E N T R I F U G . T IME VS V O L EXT. : SAMPLE W. C E N T R I F U G . R A T E VS V O L EXT. : SAMPLE W. 
1 n ^ ^ ^ ^ ^ ^ ^ J j » j 2 ^ ^ ^ J M 0 » H > J 2 t O ^ ) 3 M*jj«^^^^^g»-
•C5 •IS^'Q^ j g n o i « » « « . 0 3 } i » » . « > Si 
1 « OTIB ^ la'- 111! Sr 
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F I G U R E 2 .3 .2 . - CONTINUED 
C E N T R I F U G . R A T E VS C E N T R I F U G . TIME C E N T R I F U G . TIME VS V O L EXT. : SAMPLE W. C E N T R I F U G . R A T E VS V O L EXT. : SAMPLE W. 
L Ti 
~ 5 * 4 * ^ « ' - - • 
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Optimum conditions were obtained from the response surfaces for Al, Ba, Ca, Cu. Fe, K, Mg, 
Mn, Pb, S, SI, V and Zn. The optimum conditions for the centrifugation were found to be 
around 9 minutes and 2500 r.p.m., and the optimum ratio of sample weight/extractant 
volume was found to be 10/1 using 1g sample per analysis and 10ml extractant in every 
step. For Cd, Na, P, S, Sr and Ti, compromise conditions were selected to facilitate 
determination of most of the elements following a detailed study of the response surfaces. 
Compromise conditions for the method were fixed in order to achieve maximum recoveries 
for most of the elements (Table 2.3.7). 
T A B L E 2 .3 .7 . - OPTIMUM CONDITIONS C H O S E N F O R T H E METHOD 
Variable Optimum/Compromise value 
Ratio extractant volume/sample weight 10 ml of extractant and 1g sample 
Centrifugation Rate: 2500 r.p.m. 
Centrifugation Time: 9 min. 
Acid Type: HNO3 
Acid Concentration Range: from 0 to 5M 
Number of Sequential Leachates 14 
Once the method had been optimised, two replicate analysis of the reference material were 
conducted at the optimum conditions and the data was evaluated. Data obtained for the 
sequential leachates is shown in Table 2.3.8. Chemometric processing of the data obtained 
from the analysis of the sequential extracts by ICP-AES may be used to elucidate the 
physico-chemical composition of the soil/sediment by comparison with the phases obtained 
for another workers using Tessier's protocol®^*^'°. 
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T A B L E 2 .3 .8 . - DATA OBTAINED FOR T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM N I S T - 2 7 1 0 (mg kg-^). 
Extractant A! Ba Ca Cd Cu FG K 
1 Dl H2O 0.27 18.74 892.94 1.03 78.76 0.58 535.45 
2 Dl H2O 1.49 1.15 125.95 0.51 29.39 4.35 210.54 
3 0.01 M HNO3 34.00 14.57 1529.35 1.20 294.78 0.5B 432.96 
4 0.01 M HNO3 43.35 25.47 971.86 4.55 1070.45 10.66 279.83 
5 0.05 M HNO3 209.57 32.49 475.35 0.52 1324.20 110.95 179.06 
6 0.05 M HNOa 422.73 24.39 243.23 0.53 462.19 194.30 36.01 
7 0.1 M HNO3 555.33 13.70 217.84 0.58 199.72 352.65 107.48 
8 0.1 M HNO3 350.44 20.36 266.41 0.56 136.57 342.44 2.38 
9 0.5 M HNO3 651.48 16.80 239.87 0.59 128.26 1259.55 93.18 
10 0.5 M HNO3 528.83 22.04 195.67 0.60 143.38 1037.13 64.30 
1 1 1 M HNO3 428.39 20.98 43.61 0.63 79.07 797.99 92.79 
1 2 1 M HNO3 656.48 19.55 22.78 0.91 82.63 749.27 55.30 
13 5 M HNOa 302.22 11.96 8.21 0.67 37.56 414.04 137.26 
14 5 M HNO3 779.75 10.40 26.60 0.51 67.45 768.95 92.88 
1 Dl HaO 0.27 21.50 778.38 0.98 37.51 0.58 747.39 
2 Dl HjO 0.27 7.66 164.52 0.57 32.83 0.58 177.97 
3 0.01 M HNO3 0.27 16.46 1702.76 1.11 155.00 0.58 758.90 
4 0.01 M HNO3 45.54 22.00 1259.74 11.28 761.08 9.38 449.08 
5 0.05 M HNO3 133.14 40.90 609.67 1.41 1670.00 83.44 300.93 
6 0.05 M HNO3 368.01 21.53 264.05 0.51 584.71 179.04 167.99 
7 0.1 M HNO3 552.76 18.58 199.06 0.66 250.46 332.84 68.81 
8 0.1 M HNOa 504.11 17.09 339.56 0.62 194.75 404.71 143.84 
9 0.5 M HNO3 743.46 25.94 269.37 0.51 147.67 1317.87 120.50 
1 0 0.5 M HNO3 606.27 20.55 235.22 0.59 162.39 1165.87 36.94 
1 1 1 M HNOa 436.91 17.31 16.29 0.57 82.16 842.77 187.07 
1 2 1 M HNO3 795.42 17.77 21.76 0.51 86.09 781.47 117.16 
13 5 M HNO3 296.77 18.34 0.19 0.61 29.82 399.60 128.29 
14 5 M HNO3 686.62 13.94 20.81 0.62 59.02 667.74 191.75 
Mg Mn Na P Pb S SI Sr Ti V Zn 
241.33 473.06 157.08 53.00 89.45 706.59 1.02 9.56 1.09 1.00 398.13 
32.08 62.56 61.31 27.79 19.83 202.34 3.29 2.57 0.01 4.45 58.17 
198.83 810.13 314.26 145.37 5.13 161.29 63.80 0.01 0.01 1.64 829.85 
142.04 524.85 386.07 483.90 221.33 80.89 93.76 22.48 0.01 0.09 950.68 
99.34 454.10 389.50 585.23 2406.71 16.03 110.17 13.90 0.08 1.33 601.75 
74.41 478.92 35.49 193.41 1820.83 93.49 83.25 6.90 1.06 0.09 206.68 
36.19 204.06 60.01 82.27 896.28 7.65 65.34 5.01 3.26 3.61 80.35 
80.54 186.53 102.93 57.04 555.52 99.61 84.17 4.03 1.84 0.09 78.10 
2.97 153.92 59.25 58.74 672.67 133.36 82.27 3.39 5.63 2.36 70,37 
76.87 287.20 60.53 32.90 284.99 53.75 154.87 3.64 4.77 4.02 147.72 
59.14 206.84 56.37 45.27 49.26 17.86 127.36 2.85 6.12 0.09 116.85 
85.34 297.41 58.69 51.77 144.38 17.70 175.77 3.30 5.40 3.89 170.53 
3.21 101.73 59.33 28.10 22.36 69.66 159.45 2.01 4.12 2.23 58.03 
22.13 443.71 62.68 42.87 138.21 45.98 218.91 3.69 11.13 2.82 183.12 
153.20 392.62 57.26 35.40 6.03 969.16 54.18 8.51 0.01 0.09 276.96 
4.05 76.07 60.11 11.91 28.54 617.73 19.89 2.83 0.01 4.72 61.08 
355.60 900.97 272.66 92.48 103.84 273.22 49.45 0.01 0.01 2.75 728.68 
168.91 648.50 314.37 341.27 139.65 18.50 100.09 24.94 0.01 0.44 1018.23 
2.99 473.31 149.59 739.01 1627.82 25.86 118.73 15.92 0.01 3.27 870.33 
71.61 543.49 62.76 266.55 2395.71 17.64 136.47 7.11 0.14 5.86 286.99 
26.89 237.98 63.53 100.67 1363.15 25.50 86.56 5.49 0.12 3.61 95.70 
40.59 253.16 94.84 81.32 757.03 41.60 55.61 5.13 1.22 1.54 100.55 
109.34 167.24 62.35 40.10 767.12 93.23 85.08 3.93 6.45 6.79 78.01 
93.16 314.50 59.33 60.06 403.92 17.46 156.15 4.02 4.70 1.89 158.22 
2.97 216.34 62.90 45.36 68.91 22.47 124.93 3.11 3.58 3.17 119.14 
114.98 330.90 58.22 47.71 181.00 171.18 209.85 3.59 5.81 4.10 190.93 
72.77 96.24 6.20 35.28 102.61 16.57 191.44 1.96 5.37 10.10 54.26 
109.52 412.44 163.13 17.89 72.00 19.10 197.33 3,09 6.11 5.37 167.16 
allow data processing. These values are marked in bold. 
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2 .3 .2 C H E M O M E T R I C DATA T R E A T M E N T 
2.3.2.1 Introduct ion 
The overall process is based on a simple product of matrix: A= B x C (Figure 2.3.3) 
F I G U R E 2 .3 .3 . - P R O D U C T O F MATRIX 
18 elements 
in 
B 
u 
00 
Leachate 
Concentration 
(Matrix A) 
u 
CO 
c components 
Proportions of 
each component 
leached 
(Matrix B) 
c 
c 
a 
E 
8 
18 elements 
Physico-chemical 
component 
concentration 
(Matrix C) 
Where; 
A is the initial data matrix (leachates and elements) 
B is the matrix obtained from the PCA (leachates and components) 
C is the matrix obtained from A/B=C (components and elements) 
Data processing includes a number of steps as follows: 
• The data obtained from determination of Al, Ba, Ca, Cd, Cu, Fe. K, Mg. Mn, Na, P, Pb, 
S. Si, Sr, Ti, V and Zn in the 14 different leachates in duplicate yields the initial data 
matrix: MATRIX A (28 leachates x 18 elements) 
• Factor Analysis with Varimax Rotation applied to Matrix A' (i.e. each value in Matrix A 
divided by the maximum of each column) 
• Selection of the number of components by looking at rotated Eigenvalues 
• Correlation (Multiple Linear Regression, MLR) of rotated scores against totals extracted 
• Matrix obtained after MLR: MATRIX B": (28 leachates x n components) 
• Iterative process with A' and B" to give the best approach to C :MATRIX C (n 
components x 18 elements) 
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• First column of B multiplied by first row of C: Composition of Component 1; Second 
column of B multiplied by second row of C; Composition of Component 2... etc. 
• We obtain n factors describing the different physico-chemical phases 
2.3.2.2 Principal Component Analysis 
The fourteen extracts from each sample obtained under optimum conditions were analysed 
by ICP-AES. The trace metal data from the two replicates were combined to give a data 
matrix A of 18 elements by 28 extracts (Table 2.3.8). After pre-scaling of the data matrix 
(each column is scaled by dividing by the maximum value of the column ensuring that all 
elements contribute equally to the PCA model). Principal Component Analysis (PCA) was 
performed on matrix A' (Table 2.3.9) and Varimax rotation was applied (application of 
Varimax Rotation helped to select the optimum number of components that were necessary 
to describe the model). 
2.3.2.3 Selection of the number of components bv looking at rotated Eigenvalues 
The number of physico-chemical components (n) within the model were chosen from the 
Eigenvalues (see Figure 2.3.4) and the variance associated with the Principal Components. 
In this particular case the Eigenvalues obtained for the PCA model show that there are 
seven components with rotated Eigenvalues greater than (0.05) and a step change between 
the seventh and the eighth Principal Component. Therefore seven components have been 
used to describe the model (using a smaller number of components would lose the good 
correlations with data obtained from Tessler fractions"^). 
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F I G U R E 2.3.4.- R O T A T E D E I G E N V A L U E S OBTAINED FROM PRINCIPAL COMPONENTS A N A L Y S I S 
^ 0.2 
-I r 1 1 1 1 1— r 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
factors 
2.3.2.4 Correlation (Multiple Linear Regression) of rotated scores against totals 
extracted 
The next stage of the study was to use the scores derived from the PGA (Table 2.3.10) to 
obtain matrix B' (matrix 28x(n)) in order to explain the contribution of each extract to the 
different physico-chemical components. Matrix B was scaled by subtracting the minimum 
value and dividing by the maximum value minus the minimum value for each element of a 
column so that each extract is expressed as a fraction of the total extracted for each 
component. Once all of the values have been set between 0 and 1 (matrix B*), Multiple 
Linear Regression (MLR) of the scores for the (n) components against the sum of the total 
extracted solid in every extract (sum of the rows in matrix A') may be performed (Table 
2.3.11) and a better approach to matrix B (matrix B") was achieved by multiplying each 
column by the b regression coefficient given after MLR (Table 2.3.12). 
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2.3.2.5 Iterative process and obtaining of physico-chemical components 
Finally Matrix A' and Matrix B" were used to obtain Matrix C ((n) x 18 elements) which 
relates the concentrations of each element in each component. An iterative pseudo-inverse 
calculation involving matrix A' and matrix B" yielded to matrix C. In order to obtain the 
elemental composition of each component, final matrix B'" was then multiplied by matrix C. 
Component 1 was obtained by multiplying the first row of B'" by the first row of C and so on 
for the rest of the components. Final Matrix B'" and C are shown in Tables 2.3.13 and 2.3.14 
respectively. Each component was given by a 28 (leachates) by 18 (elements) matrix 
(Tables 2.13.15 to 2.13.22) and from this data, the extraction profile and percentage 
composition could be plotted (Figure 2.3.5). 
74 
CHAPTER 2: DEVELOPMENT & OPTIMISATION OF A NOVEL EXTRACTION PROTOCOL 
T A B L E 2.3.9.- MATRIX A' ( R E S U L T FROM SCALING MATRIX A) 
Ba Ca Cd Cu Fe K Mg Mn Na P ~ P b S Si Sr Ti V Zn 
0.4582 0.5244 0.0913 0.0472 0.0007 0.7056 0.6786 0.5251 0.4033 0.0717 0.0372 0.7291 0.0046 0.3834 0.0981 0.0986 0.3910 
0.0281 0.0740 0.0456 0.0176 0.0033 0.2774 0.0902 0.0694 0.1574 0.0376 0.0082 0.2088 0.0150 0.1029 0.0008 0.4411 0.0571 
0.3563 0.8982 0.1067 0.1765 0.0007 0.5705 0.5591 0.8992 0.8068 0.1967 0.0021 0.1664 0.2914 0.0003 0.0008 0.1624 0.8150 
0.6228 0.5708 0.4033 0.6410 0.0081 0.3687 0.3994 0.5825 0.9912 0.6548 0.0920 0.0835 0.4283 0.9014 0.0008 0.0018 0.9337 
0.7944 0.2792 0.0457 0.7929 0.0842 0.2360 0.2794 0.5040 1.0000 0.7919 1.0000 0.0165 0.5033 0.5574 0.0069 0.1318 0.5910 
0.5963 0.1428 0.0470 0.2768 0.1474 0.0474 0.2093 0.5316 0.0911 0.2617 0.7566 0.0965 0.3803 0.2768 0.0956 0.0018 0.2030 
0.3351 0.1279 0.0513 0.1196 0.2676 0.1416 0.1018 0.2265 0.1541 0.1113 0.3724 0.0079 0.2985 0.2009 0.2925 0.3574 0.0789 
0.4977 0.1565 0.0493 0.0818 0.2598 0.0031 0.2265 0.2070 0.2643 0.0772 0.2308 0.1028 0.3845 0.1614 0.1652 0.0018 0,0767 
0.4106 0.1409 0.0525 0.0768 0.9557 0.1228 0.0084 0.1708 0.1521 0.0795 0.2795 0.1376 0.3758 0.1358 0.5063 0.2333 0.0691 
0.5388 0.1149 0.0534 0.0859 0.7870 0.0847 0.2162 0.3188 0.1554 0.0445 0.1184 0.0555 0.7074 0.1461 0.4282 0.3981 0.1451 
0.5129 0.0256 0.0561 0.0473 0,6055 0.1223 0.1663 0.2296 0.1447 0.0613 0.0205 0.0184 0.5818 0.1141 0.5496 0.0018 0.1148 
0.8253 0.4779 0.0134 0.0809 0.0495 0.5686 0.0729 0.2400 0.3301 0.1507 0.0700 0.0600 0.0183 0.8029 0.1324 0.4848 0.3849 0.1675 
0.2923 0.0048 0.0598 0.0225 0.3142 0.1809 0.0090 0.1129 0.1523 0.0380 0.0093 0.0719 0.7284 0.0804 0.3704 0.2205 0.0570 
0.2542 0.0156 0.0456 0.0404 0.5835 0.1224 0.0622 0.4925 0.1609 0.0580 0.0574 0.0474 1.0000 0.1481 1.0000 0.2788 0.1798 
0.5256 0.4571 0.0871 0.0225 0.0007 0.9848 0.4308 0.4358 0.1470 0.0479 0.0025 1.0000 0.2475 0.3412 0.0008 0.4671 0.2720 
0.1874 0.0966 0.0509 0.0197 0.0007 0.2345 0.0114 0.0844 0.1543 0.0161 0.0119 0.6374 0.0909 0.1135 0.0008 0.0018 0.0600 
0.4024 1.0000 0.0984 0.0928 0.0007 1.0000 1.0000 1.0000 0.7000 0.1251 0.0431 0.2819 0.2259 0.0003 0.0008 0.2719 0.7156 
0.5379 0.7398 1.0000 0.4557 0.0071 0.5918 0.4750 0.7198 0.8071 0.4618 0.0580 0.0191 0.4572 1.0000 0.0008 0.0440 1.0000 
1.0000 0.3580 0.1251 1.0000 0.0633 0.3965 0.0084 0.5253 0.3841 1.0000 0.6764 0.0267 0.5424 0.6385 0.0008 0.3238 0.8547 
0.5263 0.1551 0.0456 0.3501 0.1359 0.2214 0.2014 0.6032 0.1611 0.3607 0.9954 0.0182 0.6234 0.2849 0.0121 0.5806 0.2818 
0.4543 0.1169 0.0585 0.1500 0.2526 0.0907 0.0756 0.2641 0.1631 0.1362 0.5664 0.0263 0.3954 0.2201 0.0110 0.3573 0.0940 
0.4178 0.1994 0.0546 0.1166 0.3071 0.1895 0.1141 0.2810 0.2435 0.1100 0.3145 0.0429 0.2540 0.2057 0.1092 0.1529 0.0987 
0.6343 0.1582 0.0456 0.0884 1.0000 0.1588 0.3075 0.1856 0.1601 0.0543 0.3187 0.0962 0.3887 0.1576 0.5791 0.6726 0.0766 
0.5023 0.1381 0.0523 0.0972 0.8847 0.0487 0.2620 0.3491 0.1523 0.0813 0.1678 0.0180 0.7133 0.1613 0.4219 0.1867 0.1554 
l ib 0.5493 0.4232 0.0096 0.0502 0.0492 0.6395 0.2465 0.0084 0.2401 0.1615 0.0614 0.0286 0.0232 0.5707 0.1246 0.3214 0.3138 0.1170 
12b 1.0000 0.4344 0.0128 0.0456 0.0515 0.5930 0.1544 0.3233 0.3673 0.1495 0.0646 0.0752 0.1766 0.9586 0.1438 0.5224 0.4059 0.1875 
13b 0.3731 0.4485 0.0000 0.0543 0.0179 0.3032 0.1691 0.2047 0.1068 0.0159 0.0477 0.0426 0.0171 0.8745 0.0786 0.4829 1.0000 0.0533 
14b 0.8632 0.3408 0.0122 0.0553 0.0353 0.5067 0.2527 0.3080 0.4578 0.4188 0.0242 0.0299 0.0197 0.9014 0.1237 0.5489 0.5314 0.1642 
75 
Extr. Al 
la 0.0019 
2a 0.0019 
3a 0.0428 
4a 0.0545 
5a 0.2635 
6a 0.5315 
7a 0.6982 
8a 0.4406 
9a 0.8190 
10a 0.6649 
11a 0.5386 
12a .  
13a 0.3800 
14a 0.9803 
lb 0.0019 
2b 0.0019 
3b 0.0019 
4b 0.0573 
5b 0.1674 
6b 0.4627 
7b 0.6949 
8b 0.6338 
9b 0.9347 
10b 0.7622 
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T A B L E 2 .3 .10 . - S C O R E S DERIVED FROM T H E P C A (INITIAL MATRIX B) T A B L E 2.3 .11 . - M L R : MATRIX B ' v s . TOTAL SOLID E X T R A C T E D / L E A C H 
RotScI RotSc2 RotSc3 RotSc4 RotSc5 RotSc6 RotSc7 RotSd RotSc2 RotSc3 RotSc4 RotScS RotScB RotSc7 Total Ext 
0.975 0.301 0.265 -0.111 1.057 -2.043 -0.144 0.508 0.335 0.191 0.172 0.256 0.372 0.296 5.248 
-1.161 1.683 1.224 -0.039 1.726 0.684 -0.689 0.072 0.000 0.000 0.184 0.086 0.969 0.176 1.639 
2.284 0.838 0.576 -1.030 0.348 0.827 -0.736 0.775 0.205 0.129 0.012 0.437 1.000 0.166 6.056 
0.474 0.528 -1.507 1.169 0.071 0.290 -1.491 0.405 0.280 0.544 0.394 0.507 0.883 0.000 7.742 
-0.043 0.397 -2.139 -0.718 -0.381 -0.044 1.786 0.300 0.312 0.670 0.066 0.622 0.809 0.719 7.878 
-0.034 0.423 -0.291 -0.308 0.001 0.278 1.879 0.302 0.306 0.302 0.137 0.525 0.880 0.740 4.693 
-0.560 0.031 0.439 0.033 1.174 0.817 0.564 0.194 0.401 0.156 0.196 0.227 0.998 0.451 3.943 
-0.608 0.524 0.259 -0.409 0.112 0.504 -0.100 0.185 0.281 0.192 0.120 0.497 0.929 0.305 3.387 
-0.621 -2.081 0.149 0.106 1.345 -0.438 0.477 0.182 0.913 0.214 0.209 0.183 0.723 0.432 4.727 
-0.093 -1.017 -0.014 -0.189 -0.265 0.154 -0.499 0.290 0.655 0.247 0.158 
0.593 0.853 0.218 5.063 
-0.512 -0.545 0.063 -0.420 -0.211 0.551 -0.969 0.204 0.541 0.231 0.118 0.579 0.940 0.115 3.911 
-0.150 •0.588 0.170 -0.073 -0.849 0.358 -0.632 0.278 0.551 0.210 
0.178 0.741 0.897 0.189 4.930 
0.826 0.770 -0.178 -1.418 0.353 -0.492 0.086 0.208 0.091 
0.160 0.886 0.896 0.219 3.105 
-1.094 5.527 
0.702 -0.011 -1.866 -0.215 0.233 0.331 0.715 
0.104 0.189 1.000 0.772 0.378 
0.108 -1.262 
0.141 -0.193 -3.742 -0.118 0.372 0.259 0.232 
0.215 0.574 0.000 0.301 5.474 
0.313 0.614 0.058 1.776 
0.380 -1.748 -0.214 0.000 0.079 
0.067 0.175 0.429 0.436 0.280 
-1.514 1.357 0.888 -0.094 6.963 
-1.099 0.522 0.452 -0.192 1.000 
0.279 0.102 0.000 0.392 0.918 0.285 
3.389 0.533 0.712 0.918 0.369 8.436 
0.450 0.191 
0.504 0.332 0.248 1.000 0.540 
0.956 0.315 -0.022 4.661 -0.058 0.837 0.057 8.095 
0.084 -1.229 0.242 0.248 1.000 0.086 0.502 -0.328 0.660 -3.793 -0.601 0.093 0.720 0.893 1.000 6.020 
3.065 0.360 0.217 0.281 0.183 0.251 0.788 -0.187 -0.043 -0.765 0.336 0.404 0.950 0.617 4.127 
1.322 
0.175 0.310 0.183 0.202 
-0.655 0.404 0.304 0.065 0.476 0.597 0.158 0.238 0.981 0.373 3.846 
0.209 0.218 0.394 0.181 -0.445 0.060 0.316 -0.188 1.129 0.741 0.206 0.000 0.771 0.351 6.017 0.303 1.000 0.328 
-0.026 -2.437 -0.421 0.086 2.064 -0.218 0.107 
0.329 0.755 0.240 0.148 0.621 0.876 0.288 5.155 
0.101 -1.427 0.021 -0.249 . -0.375 0.261 -0.177 0.164 0.497 0.192 0.153 0.501 0.930 0.127 3.938 
-0.709 -0.366 0.261 -0.217 0.097 0.505 -0.910 0.329 0.644 0.201 0.166 0.973 0.672 0.296 5.666 
0.099 -0.969 0.214 -0.141 -1.759 -0.672 -0.144 0.166 0.168 0.186 0.190 0.808 0.957 0.128 4.290 
-0.699 0.991 0.288 -0.002 -1.112 0.629 -0.906 0.370 0.550 0.106 0.167 0.867 0.873 0.285 5.594 
0.301 -0.585 0.693 -0.140 -1.344 0.248 -0.191 
Rogrosslon Summary R = 0.9987 
b1 
5.327476 
b2 
1.249906 
b3 
5.663472 
b4 
3.092227 1 
b5 
.217109 
b6 
0.123862 
b7 
0.716872 
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T A B L E 2 .3 .12 . - MATRIX B " U S E D IN T H E ITERATIVE P R O C E S S 
RotSd RotSc2 RotSc3 RotSc4 RotSc5 RotSc6 RotSc7 
0.5093 0.0792 0.2042 0.1000 0.0588 0.0087 0.0399 
0.2940 0.0000 0.0000 0.4359 0.0814 0.0920 0.0968 
0.6961 0.0432 0.1237 0.0062 0.0899 0.0209 0.0201 
0.2865 0.0465 0.4091 0.1615 0.0820 0.0145 0.0000 
0.2171 0.0531 0.5155 0.0278 0.1029 0.0136 0.0700 
0.2975 0.0709 0.3166 0.0786 0.1183 0.0201 0.0980 
0.2759 0.1337 0.2361 0.1617 0.0735 0.0329 0.0861 
0.2635 0.0943 0.2918 0.0991 0.1619 0.0308 0.0586 
0.2113 0.2483 0.2643 0.1408 0.0485 0.0195 0.0673 
0.2951 0.1565 0.2672 0.0934 0.1378 0.0202 0.0298 
0.2506 0.1556 0.3021 0.0838 0.1622 0.0268 0.0189 
0.2928 0.1363 0.2354 0.1088 0.1782 0.0219 0.0267 
0.1484 0.0850 0.1674 0.1607 0.3511 0.0361 0.0512 
0.3254 0.1652 0.1092 0.1079 0.2247 0.0176 0.0500 
0.3811 0.0623 0.2530 0.1278 0.1344 0.0000 0.0414 
0.0000 0.0551 0.2113 0.3003 0.2912 0.0301 0.1119 
0.7554 0.0495 0.0822 0.0000 0.0678 0.0161 0.0290 
0.3108 0.0481 0.1630 0.3581 0.0762 0.0132 0.0306 
0.1555 0.0374 0.6836 0.0323 0.0737 0.0125 0.0050 
0.3168 0.0450 0.2632 0.0936 0.1448 0.0182 0.1184 
0.2310 0.0963 0.2574 0.1547 0.1219 0.0291 0.1096 
0.3018 0.1281 0.2666 0.1271 0.0754 0.0316 0.0695 
0.2833 0.2189 0.3256 0.1115 0.0000 0.0167 0.0440 
0.3142 0.1689 0.2434 0.0818 0.1353 0.0194 0.0370 
0.2258 0.1605 0.2810 0.1221 0.1574 0.0297 0.0236 
0.3080 0.1415 0.2006 0.0903 0.2079 0.0146 0.0372 
0.2250 0.0536 0.2686 0.1495 0.2499 0.0301 0.0234 
0.3833 0.1339 0.1168 0.1001 0.2051 0.0210 0.0397 
77 
C H A P T E R 2: D E V E L O P M E N T & O P T I M I S A T I O N O F A N O V E L E X T R A C T I O N P R O T O C O L 
T A B L E 2 .3 .13 . - F INAL MATRIX B ' " (SEQUENTIAL L E A C H A T E S AND COMPONENTS) 
Comp 1 Comp 2 Comp 3 Comp 4 Comp 5 Comp 6 Comp 7 
1 2.67E+00 9.88E-02 4.76E-01 1.78E+00 5.20E-10 6.15E-02 1.22E-01 
2 2.87E-01 1.52E-03 2.04E-01 4.60E-01 1.54E-10 6.84E-01 1.54E-10 
3 3.88E+00 5.50E-10 1.28E+O0 2.44E-01 5.96E-01 5.50E-10 5.50E-10 
4 1.78E+00 7.34E-10 5.52E+00 1.60E-01 2.83E-01 7.34E-10 7.34E-10 
5 5.11E-01 7.39E-10 4.64E+00 7.39E-10 7.39E-10 1.68E-01 2.57E+00 
6 3.13E-01 1.96E-01 1.02E+00 1.36E-01 2.55E-01 4.66E-10 2.78E+00 
7 9.63E-02 9.06E-01 3.73E-01 3.93E-10 5.39E-01 5.82E-01 1.45E+00 
8 3.69E-01 6.12E-01 5.76E-01 2.05E-01 7.35E-01 3.25E-10 8.91 E-01 
9 4.69E-10 2.49E+00 1.83E-01 1.93E-01 7.18E-01 3.87E-01 7.54E-01 
10 3.08E-01 1.59E+00 3.94E-01 9.63E-03 1.77E+00 5.98E-01 3.88E-01 
11 2.58E-01 1.31E+00 4.57E-01 7.86E-02 1.78E+00 1.84E-02 3.87E-10 
12 2.23E-01 1.13E+00 3.11E-01 4.82E-10 2.27E+00 5.84E-01 4.15E-01 
13 2.71E-10 2.74E-01 4.30E-01 1.94E-01 1.83E+00 3.64E-01 2.71E-10 
14 1.89E-01 1.15E+00 1.05E-01 5.68E-10 3.57E+00 4.64E-01 4.47E-02 
1 1.63E+00 5.12E-10 9.28E-02 2.40E+00 4.97E-01 7.20E-01 1.04E-01 
2 1.25E-02 1.65E-10 2.05E-01 1.38E+00 1.71 E-01 1.65E-10 1.65E-10 
3 5.20E+00 6.61 E-10 2.19E-01 6.79E-01 4.81E-01 2.21 E-01 1.10E-01 
4 2.54E+00 8.10E-10 5.33E+00 1.47E-01 4.17E-01 8.10E-10 8.10E-10 
5 7.63E-10 7.63E-10 5.57E+00 3.02E-02 2.19E-02 4.90E-01 1.98E+00 
6 2.31 E-01 5.68E-10 1.36E+00 5.68E-10 4.70E-O1 8.75E-01 3.08E+00 
7 3.87E-10 6.09E-01 6.02E-01 1.46E-03 2.76E-01 5.39E-01 2.07E+00 
8 4.31E-01 9.29E-01 5.26E-01 1.14E-01 2.28E-01 2.27E-01 1.28E+00 
9 2.60E-01 2.75E+00 6.01E-10 6.27E-02 7.72E-01 1.06E+00 1.11E+00 
10 4.62E-01 1.83E+00 3.79E-01 5.05E-10 1.66E+00 2.61 E-01 5.54E-01 
11 1.51E-02 1.27E+00 5.33E-01 9.78E-02 1.41E+00 5.38E-01 6.90E-02 
12 3.14E-01 1.13E+00 1.37E-02 2.38E-01 2.79E+00 6.46E-01 5.44E-01 
13 4.01E-10 1.26E-01 2.26E-01 4.01E-10 2.40E+0a 1.52E+00 1.35E-02 
14 7.63E-01 9.08E-01 2.10E-01 5.49E-10 2.69E+00 8.38E-01 1.83E-01 
T A B L E 2 .3 .14 . - MATRIX C (COMPONENTS AND E L E M E N T S ) 
Al Ca Cd Cu Fe Mg Mn Na Pb SI Sr Ti Zn 
0.00 0.00 0.11 0.00 0.28 128.17 
10.40 3.80 0.96 1.47 0.00 1.77 
0.00 13.34 3.23 0.00 0.00 126.18 
Comp1 0.00 1.64 297.43 0.23 2A9 aOO 102.59 63.24 154.14 44.86 4.67 0.00 
Ctimp2 166.56 4.75 52.74 0.21 2.43 445.84 2.43 3.54 5.77 15.53 0.00 0.00 
Comp3 0.00 3.91 75.60 0.80 198.81 12.98 27.37 0.00 36.77 46.59 88.74 69.70 
Comp4 0.00 4.55 92.15 0.22 0.00 0.00 133.60 6.26 31.56 23.91 0.00 3.38 407.22 1.99 2.04 0.00 0.00 12.64 
Comp5 138.13 4.17 0.00 0.03 0.00 107.81 0.00 9.91 79.19 5.58 0.00 0.00 3.50 68.50 0.00 1.90 0.00 22.40 
Comp6 2.67 O.OD 3.24 0-18 0.05 20.02 143.51 16.61 0.00 10.59 12.75 27.79 0.00 5.89 0.98 0.05 6.07 0.00 
Comp7 148.27 5.60 41.71 0.00 88.16 3.92 O.OQ 14.25 105.38 0.48 34.24 627.67 8.29 19.51 0.70 0.00 0.03 2.01 
78 
C H A P T E R 2 : D E V E L O P M E N T & O P T I M I S A T I O N O F A N O V E L bxiRACTioN P R O T O C O L 
T A B L E 2 .3 .15 . - S E Q U E N T I A L L E A C H A T E S COMPOSITION (mg kg" )^ F O R P H Y S I C O - C H E M I C A L COMPONENT 1 
Ai B a C a C d C u K Mg m P Pb S s i Tr Ti V 
l a 2 .03E-07 4 .37E+00 7 .94E+02 6.18E-01 6.64E+00 3 .36E-07 2.74E+02 1.69E+02 4.11E+02 1.20E+02 1.25E+01 6.13E-07 2 .47E-07 5 .57E-08 2.81E-01 2 .83E-09 7.42E-01 3.42E+02 
2 a 2 .186-08 4.71E-01 8.55E+01 6 .66E-02 7 .15E-0t 3 .62E-08 2.95E+01 r 8 2 E + 0 1 4.43E+01 1.29E+0t 1.34E+00 6 .60E-08 2 .66E-08 6 .01E-09 3 .03E-02 3.05E-10 7 .99E-02 3.68E+01 
3a 2 .94E-07 6.35E+00 1.15E+03 8.98E-01 9 .65E+00 4 .B7E-07 3.98E+02 2.45E+02 S.98E+02 1.74E+02 1.81E+01 8.90E-07 3 .58E-07 B.10E-08 4.09E-01 4 .12E-09 1.08E+00 4 .97E+02 
4a 1.35E-07 2 .91E+00 5.29E+02 4.12E-01 4 .42E+00 2 .24E-07 1.82E+02 1.12E+02 2.74E+02 7.97E+01 8.30E+00 4 .08E-07 1.64E-07 3 .71E-08 1.87E-01 1.89E.09 4.94E-01 2.28E+02 
5 a 3 .88E-08 8.37E-01 1.52E+02 1.18E-01 1.27E+00 6 .42E-08 5.24E+01 3.23E+01 7.87E+01 2.29E+01 2 .38E+00 1.17E-07 4 .72E-08 1.07E-08 5 .38E-02 5.42E-10 1.42E-01 6.54E+01 
6a 2 .37E-08 5.12E-01 9.30E+01 7 .24E-02 7.78E-01 3 .93E-08 3.21E+01 1.98E+01 4.82E+01 1.40E+01 1.46E+00 7.18E-08 2 .89E-08 6.53E-09 3 .30E-02 3.32E.10 8 .68E-02 4.01E+01 
7a 7 .31E-09 1.58E-01 2.B6E+01 2 .23E-02 2.40E-01 1.21E-08 9.88E+00 6.09E+00 1.48E+01 4 .32E+00 4.49E-01 2 .21E-08 8 .90E-09 2 .01E-09 1.02E-02 1.02E-10 2 .6BE-02 1.23E+01 
8a 2 .80E-08 6.05E-01 1.10E+02 8 .55E-02 9.18E-01 4 .64E-0B 3.79E+01 2.33E+01 5.69E+01 1.66E+01 1.72E+00 B.48E-08 3 .41E-08 7 .71E-09 3 .89E-02 3 .92E-10 1.03E-01 4.73E+01 
9a 3 .56E-17 7.69E-10 1.40E-07 1.09E-10 1.17E-09 5 .90E-17 4 .B2E-08 2 .97E-08 7 .24E-08 2 .11E-08 2 .19E-09 1.08E-16 4 .34E-17 g.81E-1B 4.95E-11 4 .g9E-19 1.30E-10 6 .02E-08 
10a 2 .33E-08 5.04E-01 9.15E+01 7 .13E-02 7.65E-01 3 .87E-08 3.15E+01 1.94E+01 4.74E+01 1.38E+01 1.44E+00 7 .06E-08 2 .84E-08 6 .42E-09 3 .24E-02 3 .27E-10 8 .54E-02 3.94E+01 
11a 1.96E.08 4.23E-01 7.68E+01 5 .98E-02 6.42E-01 3 .25E-08 2.65E+01 1.63E+01 3.98E+01 1.16E+01 1.20E+00 5 .93E-08 2 .39E-08 5 .39E-09 2 .72E-02 2.74E-10 7 .17E-02 3.31E+01 
12a 1.69E-08 3.66E-01 6.64E+01 5 .17E-02 5.55E-01 2 .81E-08 2.29E+01 1.41E+01 3.44E+01 1.00E+01 1.04E+00 5 .13E-08 2 .06E-08 4 .66E-09 2 .35E-02 2 .37E-10 6.20E-02 2.86E+01 
13a 2 .05E-17 4 .44E-10 8 .05E-08 6.27E-11 6.73E-10 3 .40E-17 2 .78E-08 1.71E-08 4 .17E-08 1.21E-08 1.26E-09 6 .22E-17 2 .50E-17 5 .65E-18 2.85E-11 2 .87E-19 7.52E-11 3 .47E-08 
14a 1.43E-08 3.09E-01 5.61E+01 4 .37E-02 4.69E-01 2 .37E-08 1.93E+01 1.19E+01 2.91E+01 8.46E+00 e.80E-01 4 .33E-08 1.74E-0e 3 .94E-09 1.99E-02 2 .00E-10 5 .24E-02 2.42E+01 
l b 1.24E-07 2 .67E+00 4 .84E+02 3.77E-01 4 .05E+00 2 .05E-07 1.67E+02 1.03E+02 2 .51E+02 7.30E+01 7.60E+00 3 .74E-07 1.51E-07 3 .40E-08 1.72E-01 1.73E-09 4.52E-01 2 .09E+02 
2b 9 .46E-10 2 .04E-02 3.71E+00 2 .8gE-03 3 .10e-02 1.57E-09 1.28E+00 7.88E-01 1.92E+00 5.59E-01 5 .82E-02 2.86E-09 1.15E-09 2 .60E-10 1.31E-03 1.32E-11 3 .46E-03 1.60E+00 
3b 3 .95E-07 8.53E+00 1.55E+03 1.21E+00 1.29E+01 6 .54E-07 5.34E+02 3.29E+02 8.02E+02 2.33E+02 2.43E+01 1.20E-06 4 .81E-07 1.09E-07 5.49E.01 5 .53E.09 1.45E+00 6.67E+02 
4b 1.g3E-07 4 .17E+00 7 .56E+02 5.89E-01 6.32E+00 3 .20E-07 2 . 6 1 E f 0 2 1.61E+02 3.92E+02 1.14E+02 1.19E+01 5 .84E-07 2 .35E-07 5 .31E-08 2.68E-01 2 .70E-09 7.06E-01 3 .26E+02 
5b 5.7gE-17 1.25E-09 2 .27E-07 1.77E-10 1.90E-09 g.60E-17 7 .83E-08 4 .83E-08 1.18E-07 3 .42E-08 3 .56E-09 1.75E-16 7 .06E-17 1.59E-17 8.05E-11 8 .10E-19 2 .12E-10 9 .78E-08 
6b 1.75E-08 3.79E-01 6.87E+01 5 .35E-02 S J S E - O I 2 .91E-08 2.37E+01 1.46E+01 3.56E+01 1.04E+01 1.08E+00 5 .31E-08 2 .14E-08 4 .83E-09 2 .44E-02 2 .45E-10 6 .42E-02 2.g6E+01 
7b 2 .94E-17 6.34E-10 1.15E-07 8.96E-11 9.63E-10 4 . 8 7 E - 1 7 3 .97E-08 2 .45E-08 5 .96E-08 1.74E-08 1.81E-09 8 .88E-17 3 .58E-17 8 .08E-18 4.08E-11 4 . 1 1 E - 1 9 1.07E-10 4 .96E-08 
8b 3 .27E-08 7.06E-01 1.28E+02 9 .98E-02 1.07E+00 5 .42E-08 4.42E+01 2.72E+01 6.64E+01 1.93E+01 2.01E+00 9 .90E-08 3 .98E-08 9.00E-0g 4 .54E-02 4 .58E-10 1.20E-01 5.52E+01 
9b 1.97E-08 4.26E-01 7.73E+01 6.02E-02 6.47E-01 3 .27E-08 2.67E+01 1.64E+01 4.01E+01 1.17E+01 1.21E+00 5 .97E-08 2 .40E-08 5 .43E-09 2 .74E-02 2 .76E-10 7 .22E-02 3.33E+01 
10b 3 .50E-08 7.57E-01 1.37E+02 1.07E-01 1.15E+00 5 .81E-08 4.74E+01 2.92E+01 7.12E+01 2.07E+01 2 .15E+00 1.06E.07 4 .27E-08 9 .65E-09 4.87E-02 4.90E-10 1.28E-01 5.92E+01 
l i b 1.15E-09 2.47E-02 4 .49E+00 3 .50E-03 3.75E-02 1.90E-0g 1.55E+00 9.54E-01 2.33E+00 6.77E-01 7.04E-02 3 .47E .09 1.40E-09 3.15E-10 1.59E-03 1.60E-11 4.19E-03 1.93E+00 
12b 2 .38E-08 5.15E-01 9.34E+01 7 .28E-02 7.81E-01 3 .95E-08 3.22E+01 1,9gE+01 4.84E+01 1.41E+01 1.47E+00 7 .21E-08 2 .90E-08 6 ,56E-09 3 .31E-02 3.34E-10 8 .73E-02 4.03E+01 
13b 3 .04E-17 6.57E-10 1.19E-07 9.28E-11 9.97E-10 5 .04E-17 4 .11E-08 2 .53E-08 6 .17E-08 1.80E-08 1.87E-09 g .20E.17 3 .70E-17 8 .37E-18 4.22E-11 4 .25E-19 1.11E-10 5.13E-08 
14b 5 .79E-08 1.25E+00 2 .27E+02 1.77E-01 1.90E+00 9 .60E-08 7.83E+01 4.83E+01 1.18E+02 3.42E+01 3.56E+00 1.75E-07 7 .06E-08 1.59E-08 8 .05E-02 8.10E-10 2.12E-01 9.78E+01 
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T A B L E 2.3.1 6 . -SEQUENTIAL L E A C H A T E S COMPOSITION (mg kg"^ ) FOR PHYSICO-CHEMICAL COMPONENT 2 
Ai Ba C a C d C u Fo K Mg Mn No P Pb S S i S r f i V Zn" 
l a 1.84E+01 4.69E-01 5.21E+00 2.10E-02 2.40E-01 4.40E+01 2.40E-01 3.49E-01 5.70E-01 1.53E+00 7 .17E-09 2.33E-08 1.03E+bO 3.76E-01 9 .48E-02 1.45E-01 9.79E.11 1.75E-01 
2a 2.83E-01 7.21E-03 8 .00E-02 3 .23E-04 3.68E-03 6.76E-01 3.69E-03 5 .36E-03 B.75E-03 2.36E-02 1.10E-10 3.59E-10 1.58E-02 5 .77E-03 1.46E-03 2.23E-03 1.50E-12 2.69E.03 
3 a 1.03E-07 2 .6 te .09 2 .90E-08 1.17E-10 1 .33E-09 2 .45E-07 1 ,34E-09 1.95E-09 3.18E-09 8 .55E-09 3.99E-17 1.30E-16 5 .72E-09 2 .09E-09 5 .28E-10 8 .08E-10 5 . 4 6 E - t 9 9 .75E-T0 
4 a 1.37E-07 3.49E-09 3.87E-08 1.56E-10 1.78E-09 3.27E-07 1.78E-09 2.60E-09 4 .24E-09 1.14E-08 5 .33E-17 1.73E-16 7.63E-Q9 2.79E-09 7 .04E-10 1.08E-09 7 .28E-19 1.30E-09 
5a 1.38E-07 3.51E-09 3.90E-08 1.57E-10 1.79E-09 3.29E-07 1.79E-09 2.61E-09 4.26E-09 1.15E-08 5 .36E-17 1.75E-16 7 .68E-09 2.81E-09 7 .08E-10 1.08E-09 7 .32E-19 l ,3 lE-09 
6a 3.65E+01 9.30E-01 1.03E+01 4.17E-02 4.75E-01 8.73E+01 4.76E-01 6.92E-01 1.13E+00 3.04E+00 1.42E-08 4.63E-08 2.04E+00 7.45E-01 1.8BE-01 2.88E-01 1.94E-10 3.47E-01 
7a 1.69E+02 4.30E+00 4.78E+01 1.93E-01 2.20E+00 4.04E+02 2.20E+00 3.20E+00 5.23E+00 1.41E+01 6.57E-08 2.14E-07 9.42E+00 3.45E+00 8.69E-01 1 .33E*00 8 .98E-10 1.60E+00 
8 a 1.14E+02 2.91E+00 3.23E+01 1.30E-01 1.48E+00 2.73E+02 1.49E+00 2.16E+00 3.53E+00 9.51E+00 4.44E-08 1.45E-07 6 .37E+00 2.33E+00 5.87E-01 8.99E-01 6 .07E-10 1 .08E*00 
9a 4.65E+02 1.18E+01 1.31E+02 5.30E-01 6.04E+00 1.11E+03 6.05E+00 8.80E+00 1.44E+01 3.87E+01 1.81E-07 5 .88E-07 2.59E+01 9.47E+00 2.39E+00 3 . 6 6 E f 0 0 2.47E-09 4.41E+00 
10a 2.97E+02 7.57E+00 8.40E+01 3.39E-01 3.86E+00 7.10E+02 3.87E+00 5.63E+00 9.19E+00 2.47E+01 1.16E-07 3 7 6 E - 0 7 1.66E+01 6.06E+00 1.53E+00 2.34E+00 1.58E-09 2.82E+00 
11a 2.45E+02 6.25E+00 6.93E+01 2.80E-01 3.19E+00 5.86E+02 3.20E+00 4.65E+00 7.59E+00 2.04E+01 9.54E-08 3.11E-07 1.37E+01 5.00E+00 1.26E+00 1,93E+00 1,30E-09 2.33E+00 
12a 2.10E+02 5.35E+00 5.94E+01 2.40E-01 2.73E+00 5.02E+02 2.74E+00 3.98E+00 6.50E+00 1.75E+01 8 .17E-08 2 .66E-07 1.17E+01 4.29E+00 1.08E+00 1.65E+00 1.12E-09 2.00E+00 
13a 5.11E+01 1.30E+00 1.44E+01 5 .83E-02 6.64E-01 1.22E+02 6.65E-01 9.68E-01 1.58E+00 4.25E+00 1.99E-08 6.47E-08 2.85E+00 1.04E+00 2.63E-01 4.02E-01 2.71E-10 4.85E-01 
14a 2.14E+02 5.46E+00 6.06E+01 2.45E-01 2.79E+00 5.12E+02 2.79E+00 4.06E+00 6.63E+00 1.78E+01 8 .34E-08 2.72E-07 1.19E+01 4.37E+00 1.10E+00 1.69E+00 1.14E-09 2.03E+00 
l b 9 .55E-08 2.43E-09 2.70E-08 1.09E-10 1.24E-09 2.28E-07 1.24E-09 1.81E-09 2.95E-09 7 .95E-09 3.71E-17 1.21E-16 5 .32E-09 1.95E-09 4.91E-10 7.52E-10 5 .07E-19 9.06E-10 
2b 3.08E-08 7 .85E-10 8 .71E-09 3.52E-11 4.01E-10 7.36E-08 4.01E-10 5.84E-10 9.53E-10 2.57E-09 1.20E-17 3.90E-17 1.72E-09 6 .28E.10 1.5BE-10 2.43E-10 1.64E-19 2.93E-10 
3b 1.23E.07 3.14E-09 3.48E-08 1.41E-10 1.60E-09 2 .95E-07 1.61E-09 2.34E-09 3.81E-09 1.03E-08 4 .79E-17 1.56E-16 6.87E-09 2 .51E-09 6.34E-10 9 .70E-10 6.55E-19 1.17E-09 
4b 1.51E-07 3.a5E-09 4 .27E-08 1.73E-10 1.97E-09 3.61E-07 1.97E-09 2.87E-09 4.68E-09 1.26E-08 5.88E-17 1.92E-16 8 .43E-09 3.08E-09 7 .77E-10 1.19E-09 8 .03E-19 1.44E-09 
5b 1.42E-07 3.62E-09 4.02E-08 1.63E-10 1.85E-09 3.40E-07 1.85E-09 2.70E-09 4.40E-09 1.19E-08 5 .54E-17 1.80E-16 7 .94E-09 2.90E-09 7.32E-10 1.12E-09 7 .57E-19 1.35E-09 
6b 1.06E-07 2.70E-09 2.99E-08 1.21E-10 1.38E-09 2.53E-07 1.38E-09 2.01E-09 3.28E-09 8 .82E-09 4.12E-17 1.34E-16 5 .90E-09 2.16E-09 5.45E-10 8.34E-10 5 .63E.19 1.01E.09 
7b 1.14E+02 2.89E+00 3.21E+01 1.30E-01 1.48E+00 2.72E+02 1.48E+00 2.15E+00 3.52E+00 9.46E+00 4 . 4 2 E ^ 8 1.44E-07 6.34E+00 2.32E+00 5.84E-01 8.95E-01 6.04E-10 1.08E+00 
8b 1.73E+02 4.41E+00 4.90E+01 1.98E-01 2.25E+00 4.14E+02 2.26E+00 3.29E+00 5.36E+00 1.44E+01 6.74E-08 2.20E-07 9.66E+00 3.53E+00 8.91E-01 1.36E+00 9.21E-10 1.65E+00 
9b 5.13E+02 1.31E+01 1.45E+02 5.86E-01 6.67E+00 1.23E+03 6.69E+00 9.73E+00 1.59E+01 4.27E+01 2.00E-07 6.50E-07 2.86E+01 1.05E+01 2.64E+00 4.04E+00 2.73E-09 4.87E+00 
10b 3.42E+02 8.71E+00 9.67E+01 3.90E-01 4.45E+00 8.17E+02 4.46E+00 6.48E+00 1.06E+01 2.85E+01 1.33E-07 4.33E-07 1.91E+01 6.98E+00 1.78E+00 2.69E+00 1.82E-09 3.25E*00 
l i b 2.38E+02 6.05E+00 6.72E+01 2.71E-01 3.09E+00 5.68E+02 3.10E+00 4.51E+00 7.36E+00 1.98E+01 9.25E-08 3.01E-07 1.33E+01 4.85E+00 1.22E+G0 1.87E+G0 1.26E-09 2.26E+00 
12b 2.11E+02 5.37E+00 5.96E+01 2.41E-01 2.74E+00 5.04E+02 2.75E+00 4.00E+00 6.52E+00 1.76E+01 8 .20E-08 2 .67E-07 1 .18E*0 l 4.30E+00 1.08E+00 1.66E+00 1.12E-09 2.00E+00 
13b 2.35E+01 5.99E-01 6.65E+00 2.69E-02 3.06E-01 5.62E+Q1 3.07E-01 4.46E-01 7.28E-01 1.96E+00 9.15E-09 2.98E-08 1.31E+00 4.80E-01 1.21E-01 1.85E-01 1.25E-10 2.23E.01 
14b 1.69E+02 4.31E+00 4.79E+01 1.93E-01 2.20E+00 4.05E+02 2.21E+00 3.21E+00 5.24E+00 1.41E+01 6.59E-08 2.15E-07 9.44E+aO 3.45E+00 8.71E-01 1.33E+aO 9.0QE-10 1.61E+00 
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C H A P T E R 2: D E V E L O P M E N T & O P T I M I S A T I O N O F A N O V E L E X T R A C T I O N P R O T O C O L 
T A B L E 2 . 3 . 1 / . - S E Q U E N T I A L L E A C H A T E S COMPOSITION (mg kg-^) FOR PHYSICO-CHEMICAL COMPONENT 3 
Al "BS C o C d C u Fo K Mg Mn Na P Pb S S i S r Ti V Z n 
" l a 3 .66E-08 1.86E+00 3.60E+01 3.82E-01 9.47E+01 6.18E+00 1.30E+01 1.64E-08 1.75E+01 2.22E+01 4.23E+01 3.32E+01 4.46E-08 6.36E+00 1.54E+00 5 .12E-10 4.64E-10 6.01E+01 
2a 1.56E-08 7.96E-01 1.54E+01 1.63E-01 4.05E+01 2.64E+00 5.57E+00 6 .99E-09 7,49E+00 9.49E+00 1.81E+01 1.42E+01 1.90E-08 2 .72E+00 6.58E-01 2 .19E-10 1.98E-10 2.57E+01 
3a 9 .82E-08 5.00E+00 9.67E+01 1.03E+00 2 .54E+02 1.66E+01 3.50E+01 4 .39E-08 4.70E+01 5.96E+01 1.14E+02 8.92E+01 1.20E-07 1.71E+01 4.14E+00 1.37E-09 1.25E-09 1.61E+02 
4a 4 .24E-07 2.16E+01 4 .17E+02 4 .43E+00 1.10E+03 7.16E+01 1.51E+02 1.89E-07 2.03E+02 2.57E+02 4.90E+02 3.85E+02 5.16E-07 7.36E+01 1.78E+01 5 .93E-09 5 .38E-09 6 .96E+02 
5a 3 .56E-07 1.81E+01 3.50E+02 3.72E+00 9.22E+02 6.02E+01 1.27E+02 1.59E-07 1.70E+02 2 .16E+02 4 .11E+02 3 .23E+02 4 . 3 4 E - 0 7 6.19E+01 1.50E+01 4 . 9 8 E - 0 9 4 .52E-09 5.85E+02 
6a 7.82E-08 3 .98E+00 7.70E+01 8.17E-01 2.03E+02 1.32E+01 2 .79Et01 3 .50E-08 3.75E+01 4.75E+01 9.04E+01 7.10E+01 9 .53E-08 1.36E+01 3.29E+00 1.09E-09 9 .92E-10 1.29E+02 
7a 2 .87E-08 1.46E+00 2.82E+01 3.00E-01 7.42E+01 4 .84E+00 1.02E+01 1.28E-08 1.37E+01 1.74E+01 3.31E+01 2.60E+01 3 .49E-08 4 .98E+00 1.21E+00 4 .01E-10 3 .64E-10 4.71E+01 
8 a 4 .42E -08 2 .255+00 4.36E+01 4.62E-01 1.15E+02 7.47E+00 1.58E+01 1.98E-08 2.12E+01 2.68E+01 5.11E+01 4.02E+01 5.39E-08 7.69E+00 1.86E+00 6 .19E-10 5 .61E-10 7 .27E*01 
9a 1.41E-08 7.16E-01 1.38E+01 1.47E-01 3.64E+01 2.38E+00 5.01E+00 6 .28E.09 6.73E+00 8.53E+00 1.63E+01 1.28E+01 1.71E-08 2 .44E+00 5.92E-01 1.97E-10 1.78E-10 2.31E+01 
10a 3 .02E-08 1.54E+00 2.98E+01 3.16E-01 7.83E+01 5.11E+00 1.08E+01 1.35E-08 1.45E+01 1.B4E+01 3.50E+01 2.75E+01 3 .69E-08 5.26E+00 1.27E+00 4 .23E-10 3 .84E-10 4.97E+01 
11a 3 .51E-08 1.79E+00 3.46E+01 3.67E-01 9.09E+01 5.93E+00 1.25E+01 1.57E-08 1.68E+01 2.13E+01 4.06E+01 3.19E+01 4.2eE-08 6.10E+0Q 1.48E+00 4 .91E-10 4 .46E-10 5.77E+01 
12a 2 .38E-08 1.21E+00 2.35E+01 2.49E-01 6.18E+01 4 .03E+00 8.50E+00 1.07E-08 1.14E+01 1.45E+01 2.76E+01 2.17E+01 2 .91E-08 4 .14E+00 1.00E+00 3 .34E-10 3 .03E-10 3.92E+01 
13a 3 .30E-08 1.68E+0D 3.25E+01 3.45E-01 8.55E+01 5.58E+00 1.18E+01 1.48E-08 1.58E+01 2.00E+01 3.82E+01 3.00E+01 4 .02E-08 5.74E+00 1.39E+00 4 .62E-10 4 .19E-10 5.43E+01 
14a 8 .03E-09 4.09E-01 7.91E+00 8 .40E-02 2.08E+01 1.36E+00 2 .86E+00 3 .59E-09 3.85E+00 4 .e8E+00 9.29E+00 7.29E+Q0 9 .79E-09 1.40E+00 3.38E-01 1.12E-10 1.02E-10 1.32E+01 
l b 7.12E-09 3.63E-01 7.02E+00 7.45E-02 1.84E+01 1.20E+00 2.54E+00 3 .18E-09 3.41E+00 4 .32E+00 8.23E+00 6.47E+00 8 .6aE-09 1.24E+00 3.00E-01 9.97E-11 9.04E-11 1.17E+01 
2b 1.57E-08 8.00E-01 1.55E+01 1.64E-01 4.07E+01 2 .65E+00 5.60E+00 7.02E-09 7.52E+00 9.53E+00 1.82E+01 1.43E+01 1.91E-08 2 .73E+00 6.61E-01 2 .20E-10 1.99E-10 2.58E+01 
3b 1.68E-08 8.56E-01 1.66E+01 1.76E-01 4.35E+01 2 .84E+00 5.99E+00 7.51E-09 8.05E+00 1.02E+01 1.94E+01 1.53E+01 2 .05E-08 2 .92E+00 7.08E-01 2 .35E-10 2 .13E-10 2.76E+01 
4b 4 .09E-07 2.08E+01 4 .03E+02 4 .27E+00 1.06E+03 6.91E+01 1.46E+02 1.83E-07 1.g6E+02 2 .48E+02 4 .73E+02 3 .71E+02 4 . 9 8 E - 0 7 7.11E+01 1.72E+01 5.72E-09 5.19E-09 6 .72E+02 
5b 4 .28E-07 2.18E+01 4 .21E+02 4 .47E+00 1.11E+03 7.23E+01 1.53E+02 1.91E-07 2.05E+02 2.60E+02 4.95E+02 3.88E+02 5.21E-07 7.44E+01 1.80E+01 5.99E-09 5.43E-09 7.03E+02 
6b 1.D5E-07 5.32E+00 1.03E+02 1.09E+00 2.71E+02 1.77E+01 3.73E+01 4 .67E-08 5.01E+01 6.35E+01 1.21E+02 9.49E+01 1.27E-07 1.B2E+01 4 .40E+00 1.46E-09 1.33E-09 1.72E+02 
7b 4 .62E-08 2 .35E+00 4.556+01 4.83E-01 1.20E+02 7.81E+00 1.65E+01 2 .07E-08 2.21E+01 2.80E+01 5.34E+01 4.20E+01 5.63E-08 8 .03E+00 1.95E+00 6 . 4 7 E . 1 0 5 .86E-10 7.60E+01 
8b 4 .04E-08 2 .06E+00 3.98E+01 4.22E-01 1.05E+02 6.83E+00 1.44E+01 1.81E-08 1.93E+01 2.45E+01 4.67E+01 3.67E+01 4 .92E-08 7.02E+00 1.70E+00 5.65E-10 5.13E-10 6.64E+01 
9b 4 .62E-17 2 .35E-09 4 .55E-08 4 .82E-10 1.20E-07 7.80E-09 1.65E-08 2 .06E-17 2 .21E-08 2 .80E-08 5.34E-08 4 .19E-08 5.62E-17 8 .02E-09 1.94E-09 6 .46E-19 5.86E-19 7.59E-08 
10b 2 .91E-08 1.48E+00 2.87E+01 3.04E-01 7.54E+01 4 .92E+00 1.04E+01 1.30E-08 1.39E+01 1.77E+01 3.36E+01 2.64E+01 3.55E-08 5.06E+00 1.23E+00 4.07E-10 3.69E-10 4.78E+01 
l i b 4 .09E-08 2.086+00 4.03E+01 4.28E-01 1.06E+02 6.91E+00 1.46E+01 1.83E-08 1.96E+01 2.48E+01 4.73E+01 3.716+01 4 .98E-08 7.11E+00 1.72E+00 5.72E-10 5.19E-10 6.72E+01 
12b 1.05E-09 5.34E-02 1.03E+00 1.10E-02 2 .72E+00 1.77E-01 3.74E-01 4.69E-10 5.02E-01 6.37E-01 1.21E+00 9.526-01 1.28E-09 1.82E-01 4 .42E-02 1.47E-11 1.33E-11 1.72E+00 
13b 1.73E-08 8.82E-01 1.70E+01 1.81E-01 4.48E+01 2 .93E+00 6.17E+00 7.74E-09 8.29E+00 1.05E+01 2.DDE+01 1.57E+01 2 .11E-08 3 .01E+00 7.29E-01 2.42E-10 2.20E-10 2.85E+01 
14b 1.61E-08 8.22E-01 1.59E+01 1.69E-01 4.18E+01 2.73E+00 5.75E+00 7.21E-09 7.73E+00 9.79E+00 1.87E+01 1.47E+01 1.97E-08 2 .80E+00 6.79E-01 2.26E-10 2 .05E-10 2.65E+01 
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C H A P T E R 2: D E V E L O P M E N T & O P T I M I S A T I O N O F A N O V E L E X T R A C T I O N P R O T O C O L 
T A B L E 2.3.1 8 . -SEQUENTIAL L E A C H A T E S COMPOSITION (mg kg"^ ) F O R PHYSICO-CHEMICAL COMPONENT 4 
Al "Ba Co C d Fo K Mg Mn Na P Pb S S i S r Ti V 2 n 
1a 1.34E-07 8.12E+00 1.64E+02 3.96E-01 2 .81E-07 2 .22E-07 2.38E+02 1.12E+01 5.63E+01 4.26E+01 1.24E-07 6.02E+00 7.26E+02 3 . 5 4 E i 0 0 ~ 3 . 6 3 E + 0 0 1.88E-09 1.70E-09 2.25E+01 
2 a 3 .46E-08 2 .10E+00 4.24E+01 1.02E-01 7 .27E-08 5 .73E-0B 6.15E+01 2.88E+00 1.45E+01 1.10E+01 3,21E-08 1.55E+00 1 .87E*02 9.14E-01 9.38E-01 4 .84E-10 4 .39E-10 5.82E+00 
3a 1.83E-08 1.11E+00 2.25E+01 5 .42E-02 3 .85E-08 3 .04E-08 3.26E+01 1.53E+00 7.70E+00 5.83E+00 1.70E-08 8.24E-01 9.94E+01 4.85E-01 4.97E-01 2 .57E-10 2 .33E-10 3 .08E+00 
4 a 1.20E-08 7.27E-01 1.47E+01 3 .55E-02 2 .52E-08 1.99E-08 2.13E+01 1.00E+00 5.04E+00 3.82E+00 1.12E-08 5.40E-01 6.51E+01 3.17E-01 3.26E-01 1.68E-10 1.52E-10 2.02E+0D 
5a 5 .55E-17 3 .36E-09 6 .81E-08 1.64E-10 1.17E-16 9 .20E-17 9 .87E-08 4 .63E-09 2 .33E-08 1.77E-08 5 .16E-17 2 .49E-09 3 .01E-07 1.47E-09 1.51E-09 7.77E-19 7 ,05E-19 9 .33E-09 
6a 1.02E-08 6,17E-01 1.2SE+01 3 .01E-02 2 .14E-08 1.69E-08 I . B I E + O l 8.49E-01 4 .28E+00 3.24E+00 9 ,47E-09 4,58E-01 5 . 5 2 E * 0 1 2.69E-01 2.76E-01 1.43E-10 1.29E-10 t . 7 l E + 0 0 
7a 2 .95E-17 1.79E-09 3 .62E-08 8.72E-11 6 .20E-17 4 .89E-17 5 .25E-08 2.466-09 1.24E-08 9 .39E-09 2 .74E-17 1.33E-09 1.60E-07 7 .80E-10 8 .01E-10 4 .13E-19 3 .75E-19 4 .96E-09 
8a 1.54E-08 9.35E-01 1.89E+01 4 .56E-02 3 .24E-08 2 .56E-08 2.74E+01 1.29E+00 6.48E+00 4 .91E+00 1.43E-08 6.93E-01 8.36E+01 4.08E-01 4.18E-01 2 . 1 6 E - i a 1.98E-10 2.59E+00 
9 a 1.45E-08 8.78E-01 1.78E+01 4 .28E-02 3 .04E-08 2 .40E-08 2.57E+01 1.21E+00 6.08E+00 4.61E+00 1.35E-08 6.51E-01 7.85E+01 3.83E-01 3.93E-01 2 .03E-10 1.84E-10 2.44E+00 
10a 7 .24E-10 4 .38E-02 8.87E-01 2 .14E-03 1.52E-09 1.20E.09 1.2gE+00 6.036-02 3.04E-01 2.30E-01 6.72E-10 3 .25E-02 3 .92E+00 1.916-02 1.96E-02 1.01E-11 9 .19E-12 1.22E-01 
11a 5 .91E-09 3.586-01 7.24E+00 1.75E-02 1.24E-08 9 .79E-09 1.05E+01 4.926-01 2 .48E+00 1.886+00 5 .49E-09 2.65E-01 3.20E+01 1.56E-01 1.60E-01 8.27E-11 7.50E-11 9.93E-01 
12a 3 .62E-17 2.196-09 4 .44E-08 1.076-10 7 .60E-17 6 .00E-17 6 .44E-08 3 .02E-09 1.52E-08 1.15E-08 3 .36E-17 1.63E-09 1.96E-07 9 .576-10 9 .82E-10 5 .07E-19 4.60E-19 6 .09E-09 
13a 1.45E-08 8.816-01 1.78E+01 4 .30E-02 3 .05E-08 2.416-08 2.59E+01 1.21E+00 6.11E+00 4 .63E+00 1.35E-08 6.54E-01 7.e8E+01 3.84E-01 3.94E-01 2 .04E-10 1.85E-1G 2 .45E+00 
14a 4.276-17 2.586-09 5 .23E-08 1.26E-10 8 .96E-17 7 .07E-17 7 .58E-08 3 .55E-09 1.79E-08 1.36E-08 3 .96E-17 1.92E-09 2 .31E-07 1.136-09 1.16E-09 5 .97E-19 5 .42E-19 7 .17E-09 
l b 1.80E-07 1.096+01 2.21E+02 5.33E-01 3 .79E-07 2 .99E-07 3.21E+02 1.50E+01 7.57E+01 5.74E+01 1.68E-07 8.10E+00 9 .77E+02 4 .76E+00 4 .89E+00 2 .52E-09 2 .29E-09 3.03E+01 
2b 1.04E-07 6 .29E+00 1.27E+02 3.07E-01 2 .18E-07 1.72E-07 1.85E+02 B.65E+00 4.36E+01 3.30E+01 9 .65E-08 4 .66E+00 5 .62E+02 2 .74E+00 2.82E+00 1.45E-09 1.32E-09 1.75E+01 
3b 5 .10E-08 3.096+00 6.25E+01 1.51E-01 1.07E-07 8 .45E-08 9.07E+01 4 .25E+00 2.14E+01 1.62E+01 4 .74E-08 2.29E+00 2 .76E+02 1.35E+00 1.38E+00 7 .14E-10 8 .47E-10 a .57E+00 
4b 1.10E-08 6.69E-01 1.35E+01 3 .26E-02 2 .32E-08 1.83E-08 1.96E+01 9.206-01 4 .64E+00 3.51E+00 1.03E-08 4.96E-01 5.98E+01 2.926-01 2.99E-01 1.55E-10 1.40E-10 1.86E+00 
5b 2 .27E-09 1.376-01 2 .78E+00 6 .70E-03 4 .77E-09 3 .76E-09 4 .03E+00 1.89E-01 9.53E-01 7.22E-01 2.11E-09 1.02E-01 1.23E+01 6.006-02 6 .16E-02 3.18E-11 2.88E-11 3.82E-01 
6b 4 .27E-17 2 .596-09 5.236-08 1.26E-10 8 .96E-17 7 .07E-17 7 .59E-08 3.566-09 1.79E-08 1.36E-08 3 .97E-17 1.92E-09 2 .31E-07 1.136-09 1.16E-09 5 .97E-19 5 .42E-19 7 .17E-09 
7b 1.10E-10 6.666-03 1.35E-01 3.256-04 2.31E-10 1.82E-10 1.95E-01 9.156-03 4 .61E-02 3 .49E-02 1.02E-10 4 .94E-03 5.95E-01 2 .90E-03 2 ,98E-03 1.546-12 1.39E-12 1.85E-02 
8b 8 .59E-09 5.20E-01 1.05E+01 2 .54E-02 1.80E-08 1.42E-08 1.53E+01 7.166-01 3.61E+00 2.73E+00 7 .98E-09 3.86E-01 4.65E+01 2.276-01 2.33E-01 1.20E-10 1.09E-10 1.44E+00 
9b 4.716-09 2.85E-01 5 .77E+00 1.39E-02 9 .89E-09 7 .80E-09 8 .37E+00 3.92E-01 1.98E+00 1.50E+00 4 .38E-09 2.12E-Q1 2.55E+01 1.24E-01 1.2BE-01 6.59E-11 5.98E-11 7.92E-01 
10b 3 .80E-17 2 .30E-09 4 .66E-08 1.12E-10 7 .97E-17 6.29E-17 6.75E-0B 3.166-09 1.59E-0B 1.21E-08 3.53E-17 1.71E-09 2 .06E-07 1.006-09 1.03E-09 5 .31E-19 4 .82E-19 6 .38E-09 
l i b 7 .35E-09 4.45E-01 9.01E+00 2 .17E-02 1.54E-0B 1.22E-0B 1.31E+01 6.136-01 3.09E+00 2.34E+00 6 .B3E-09 3.30E-01 3.98E+01 1.946-01 1.99E-01 1.03E-10 9.33E-11 1.24E+00 
12b 1.79E-0B 1.096+00 2.20E+01 5 .29E-02 3 .76E-08 2 .97E-0B 3.19E+01 1.496+00 7.53E+00 5.70E+00 1.67E-08 8.05E-01 9.71E+01 4.74E-01 4.86E-01 2 .51E-10 2 .28E-10 3 .01E+00 
13b 3 .01E-17 1.826-09 3 .69E-08 8.B9E-11 6 .32E-17 4 .99E-17 5.35E-0B 2.516-09 1.26E-0B 9 .5BE-09 2 .80E-17 1.35E-09 1.63E-07 7.966-10 8.17E-10 4 .21E-19 3 .82E-19 5 .06E-09 
14b 4 .12E-17 2 .50E-09 5 .05E-08 1.22E-10 8 .66E-17 6.83E-17 7 .33E-08 3.44E-09 1.73E-08 1.31E-08 3 .83E-17 1.85E-09 2 .23E-07 1.09E-09 1.12E-09 5 .77E-19 5 .23E-19 6.936-09 
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C H A P T E R 2: D E V E L O P M E N T & O P T I M I S A T I O N O F A N O V E L E X T R A C T I O N P R O T O C O L 
T A B L E 2.3.1 9 . -SEQUENTIAL L E A C H A T E S COMPOSITION (mg kg'^) F O R PHYSICO-CHEMICAL COMPONENT 5 
Ai Bo Co C d C u Fo K Mg Mn Na P P b S S i S r f i V 2 n 
l a 7 .19E-08 2 .17E-09 8 .40E-17 1.73E-11 8 .24E-17 5.61E-0a 3 .74E-17 5 .15E-09 4 .12E-08 2 .90E-09 3 .65E-17 1.19E-16 1.82E-09 3 .56E-08 1.23E-18 9 .89E-10 3 .09E-13 1.17E-08 
2a 2 .13E-08 6 ,43E-10 2 .49E-17 5 .12E-12 2 .44E-17 1.66E-08 1.11E-17 1.53E-0g 1.22E-08 8 .59E-10 1.08E-17 3 .51E-17 5 .39E-10 1.05E-08 3 .64E-19 2 .93E-10 g.14E-14 3 .45E-09 
3a 8.23E+01 2.49E+00 9 .63E-08 1.98E-02 9 .44E-08 6.42E+01 4 .29E-08 5.90E+ao 4.72E+01 3 . 3 2 E * 0 0 4 .18E-08 1.36E-07 2 .08E+00 4.08E+01 1.41E-09 1.13E+00 3.54E-04 1.33E+01 
4a 3.9aE+01 1.18E+00 4 .57E-08 g . 4 l E - 0 3 4 .4BE-08 3.05E+01 2 .03E-08 2.80E+00 2.24E+01 1.5BE+00 1.9BE-08 6 .45E-CB 9.8gE-01 1.94E+01 6.69E-10 5.3BE-01 1.6BE-04 6.33E+00 
5a 1.02E-07 3 .0BE-09 1.19E-16 2.46E-11 1.17E-16 7 .96E-08 5.32E-17 7 .32E-09 5 .85E-08 4 .12E-09 5 .18E-17 1 . 6 9 E - i e 2 .58E-09 5 .06E-08 1.75E-18 1.40E-09 4 .39E-13 1.65E-08 
6 a 3.52E+01 1.06E+00 4 .12E-08 B.49E-03 4 .04E-08 2.75E+G1 1.84E-08 2 .53E*Q0 2.02E+01 1.42E+00 1.79E-08 5 .82E-08 B.92E-01 1.75E+01 6.03E-10 4.85E-01 1.52E-04 5.71E+00 
7a 7.44E+01 2.25E+00 B.70E-0B 1.79E-02 8 .53E-0B 5.81E+01 3.B8E-0B 5.34E+00 4.27E+01 3.00E+00 3 .78E-08 1.23E-07 1.88E+00 3.69E+01 1.27E-09 1.02E+00 3,20E-O4 1.21E+01 
Ba 1.01E+02 3.07E+00 1.19E-07 2 .44E-02 1.16E-07 7.92E+01 5.29E-08 7.2BE+00 5.82E+01 4 .10E+00 5 .15E-08 1.6BE-07 2 .57E+00 5.03E+01 1.74E-09 1.40E+00 4 .36E-04 1.65E+01 
9 a 9.92E+01 3.00E+00 1.16E-07 2 .39E-02 1,14E-07 7.74E+01 5 .17E-08 7.11E+00 5.69E+01 4 .01E+00 5 .03E-08 1.64E-07 2 .51E+00 4.92E+01 1.70E-09 1.37E+00 4 .26E-04 1,61E+01 
10a 2.44E+02 7.38E+00 2.e6E-07 5 .8BE-02 2 .80E-07 1.91E+02 1.27E-07 1.75E+01 1.40E+02 9.86E+00 1.24E-07 4 .04E-07 6.19E+00 1 .21E*02 4 .18E-09 3.36E+00 1.05E-03 3.96E+01 
11a 2.46E+02 7.42E+00 2 .87E-07 5 .92E-02 2 .82E-07 1.92E+02 1.28E-07 1.76E+G1 1.41E+02 9.92E+0a 1.25E-07 4 .06E-07 6 .22E+00 1 . 2 2 E * 0 2 4 .21E-09 3.38E+00 1.06E-03 3,98E+01 
12a 3.14E+02 9.49E+00 3 .67E-07 7 .56E-02 3 .60E-07 2.45E+02 l , 64E-07 2.25E+01 1.B0E+O2 1.27E+01 1.59E-07 5 .19E-07 7.g5E+00 1.56E+02 5 .38E-09 4 .32E+00 1.35E-03 5.09E+01 
13a 2.53E+02 7.65E+00 2 .96E-07 6 .10E-02 2 .90E-07 1.98E+02 1.32E-07 1.82E+01 1.45E+02 1.02E+01 1.29E-07 4 . i g E - 0 7 6.41E+00 1.26E+02 4 .34E-09 3 .49E+00 1.09E-03 4.11E+01 
14a 4 .94E+02 1.49E+01 5.77E-07 1.19E-01 5.66E-07 3.85E+02 2 .57E-07 3.54E+01 2 .83E+02 1.99E+01 2 .50E-07 8 .16E-07 1.25E+01 2.45E+02 B.45E-09 8.80E+00 2 .12E-03 B.OOE+OI 
l b 6.86E+01 2.07E+00 8 . 0 2 E ^ 8 1.65E-02 7 .87E-08 5.36E+01 3.58E-08 4 .92E+00 3.93E+01 2.77E+00 3.4BE-0B 1.13E-07 1.74E+00 3.40E+01 1.1BE-09 9.45E-01 2.95E-04 1.116+01 
2b 2.36E+01 7.14E-01 2 .76E-0B 5 .69E-03 2 .71E-0B 1.84E+01 1.23E-0B 1.6gE+00 1.35E+01 9.54E-01 1.20E-08 3 .90E-0B 5.gBE-01 1.17E+01 4 . 0 S E - 1 0 3.25E-01 1.02E-04 3.B3E+00 
3b 8.64E+01 2.01E+00 7 .76E-08 1.60E-02 7 .61E-08 5.1BE+01 3 .46E-08 4 .76E+00 3.B1E+01 2.6aE+00 3.37E-08 1.10E-07 1.68E+00 3.29E+01 1.14E-09 9.14E-01 2 .B5E-04 1.0BE+01 
4b 5.75E+01 1.74E+00 6 .73E-08 1.39E-02 6 .60E-08 4.49E+01 3 .00E-08 4 .13E+00 3.30E+01 2.32E+00 2 .92E-08 9 .51E-0B 1.46E+00 2.85E+01 9 .B5E-10 7.92E-01 2 .47E-04 9 .33E+00 
5b 3.03E+00 9 .16E-02 3 .54E-09 7.30E-04 3 .48E-09 2.37E+00 1.5BE-09 2.17E-01 1.74E+00 1.22E-01 1.54E-09 5 .01E-09 7 .68E-02 1.50E+00 5.19E-11 4 .17E-02 1.30E-05 4.92E-01 
Bb 6.49E+01 1.96E+00 7.59E-OB 1.56E-02 7 .44E-08 5.07E+01 3.3BE-0B 4 .66E+00 3.72E+01 2.62E+00 3 .29E-08 1.07E-07 1.64E+00 3.22E+01 l . l l E - 0 9 8.94E-01 2.79E-04 1.05E+01 
7b 3.82E+01 1.15E+00 4 .46E -08 g .19E-03 4 .38E -08 2.98E+01 1.99E-08 2 .74E+00 2.igE+01 1.54E+00 1.94E-08 6 .31E-08 9.67E-01 1,89E+01 6.54E-10 5.26E-01 1.64E-04 6,196+00 
8b 3.14E+01 9.50E-01 3 .67E-08 7 .57E-03 3.60E-O8 2.45E+01 1.64E-08 2.25E+00 1.80E+01 1.27E+00 1.5gE-08 5.196-08 7.g6E-01 1.56E+01 5 .38E-10 4.33E-01 1.35E-04 5.10E+00 
9b 1.07E+02 3.226+00 1.25E-07 2 .57E-02 1.22E-07 B.32E+01 5.56E-0B 7.65E+00 6.11E+01 4.31E+00 5.41E-0B 1.76E-07 2.70E+00 5.29E+01 1.B3E-09 1.47E+00 4 .59E-04 1.73E+01 
10b 2 .30E+02 6.95E+00 2 .69E-07 5 .54E-02 2 .64E-07 1.79E+02 1.20E-07 1.65E+01 1.32E+02 9.2gE+00 1.17E-07 3 .80E-07 5.82E+00 1.14E+02 3 .94E-09 3 .17E+00 9 .89E-04 3.73E+01 
l i b 1.95E+02 5.89E+00 2 .28E-07 4 .70E-02 2 .24E-07 1.52E+02 1.02E-07 1.40E+01 1.12E+02 7.87E+00 g.B9E-08 3 .22E-07 4.g4E+0D 9.67E+01 3 .34E-09 2 .68E+00 8 .38E-04 3.16E+01 
12b 3 .85E+02 M6E+01 4 . 5 0 E - 0 7 9 .28E-02 4 .42E-07 3 .01E+02 2 .01E-07 2.76E+01 2 .21E+02 1.56E+01 1.95E-07 6 .37E-07 9 .76E+00 1.91E+02 6 .60E-09 5 .30E+00 1.66E-03 6.25E+01 
13b 3.31E+02 1.00E+01 3.876-07 7 .98E-02 3.e0E-07 2.59E+02 1.73E-07 2.38E+01 1.90E+02 1.34E+01 1.68E-07 5 .48E-07 8.3gE+00 1.64E+02 5 .67E-09 4 ,56E+00 1.42E.03 5.37E+01 
14b 3.71E+02 1.12E+01 4 .34E-07 8 .g4E-02 4 .25E-07 2.90E+02 1.93E-07 2.66E+01 2.13E+02 1.50E+01 1.88E-07 6.13E-07 9.40E+00 1.84E+02 6 .35E-09 5.11E+00 1.60E-a3 6.02E+01 
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T A B L E 2.3.20.-SEQUENTIAL L E A C H A T E S COMPOSITION (mg kg'^) FOR PHYSICO-CHEMICAL COMPONENT 6 
Al Bo C o C d C u Fo K ^Mg Mn Na P Pb S S i S r Ti V Zn 
" l a 1.64E-01 2 .37E-10 1.99E-01 1.13E-02 3 .23E-03 1.23E+00 8.83E+00 1.02E+00 5 .23E-09 6.52E-01 7.85E-01 1.71E+00 5 .63E-09 3.63E-01 6 .05E-02 2 .81E-03 3.736-01 5 .91E-09 
2a 1.82E+00 2 .64E .09 2 .22E+00 1.26E-01 3 .59E-02 1.37E+01 9.81E+01 1.14E+01 5.81E-08 7.24E+00 8.726+00 1.90E+01 6 .25E-08 4 .03E+00 6.73E-01 3 .12E-02 4.156+00 6.576-08 
3a 1.476-09 2 .12E-18 1.78E-09 1.01E-10 2.89E-11 1.10E-08 7 .90E-08 9 .14E-09 4 .68E-17 5 .83E-09 7 .02E-09 1.53E-08 5 .03E-17 3 .24E-09 5 .41E-10 2.51E-11 3 .34E-09 5.29E-17 
4a 1.96E-09 2 .83E-18 2 .38E-09 1.35E-10 3.85E-11 1.47E-08 1,05E-07 1.22E-08 6.24E-17 7 .77E-09 9 .36E-09 2 .04E-08 6 .71E-17 4 .33E-09 7 .22E-10 3.35E-11 4 .45E-09 7 .05E-17 
5a 4.49E-01 6.50E-10 5.46E-01 3 .09E-02 8 .84E-03 3 .37E+00 2.42E+01 2 .80E+00 1.43E-08 1.78E+00 2.15E+00 4 .68E+00 1.54E-08 9.93E-01 1.66E-01 7 .69E-03 1.02E+00 1.62E-0B 
6 a 1.24E-09 1.80E-18 1.51E-09 8.56E-11 2.45E-11 9 .33E-09 6 .69E-08 7 .74E-09 3.96E-17 4 .94E-09 5.95E-09 1.30E-08 4 .26E-17 2 .75E-09 4 .58E-10 2,13E-11 2 .83E-09 4.486-17 
7a 1.55E+00 2 .25E-09 1.89E+00 1.07E-01 3 .05E-02 1.16E+01 8.35E+01 9.66E+00 4 .95E-08 6.16E+00 7.42E+00 1.62E+01 5 .32E-08 3 .43E+00 5.72E-01 2 .66E-02 3 .53E+00 5.596-08 
8a 8 .67E-10 1.26E-18 1.056-09 5.97E-11 1.71E-11 6 .51E-09 4 .67E-08 5 .40E-09 2 .77E-17 3 .45E-09 4.15E-09 9 .04E-09 2 .97E-17 1.92E-09 3 .20E-10 1.48E-11 1.97E-09 3.13E-17 
9 a 1.03E+00 1.49E-09 1.26E+00 7 .11E-02 2 .03E-02 7.75E+00 5.56E+01 6.43E+00 3 .29E-08 4.106+00 4.946+00 1.08E+01 3 .54E-08 2.28E+00 3.81E-01 1.77E-02 2.356+00 3,726-08 
10a 1.59E+00 2 .31E-09 1.94E+00 1.10E-01 3 .14E-02 1.20E+01 8.58E+01 9.93E+00 5 .08E-08 6.33E+00 7.62E+00 1.66E+01 5 .47E-08 3 .52E+00 5.88E-01 2 .73E-02 3.63E+00 5 .74E-08 
11a 4 .91E-02 7.11E-11 5 .97E-02 3 .38E-03 9 .66E-04 3.69E-01 2 .64E+00 3.06E-01 1.57E-09 1.95E-01 2.35E-01 5.12E-01 1.68E-09 1.09E-01 1.81E-02 8 .40E-04 1.12E-01 1.776-09 
12a 1.56E+00 2 .25E-09 1.89E+00 1.07E-01 3 .06E-02 1.17E+01 8.37E+01 9.69E+00 4 .96E-08 6.18E+00 7.44E+00 1.62E+01 5 .34E-08 3 .44E+00 5.74E-01 2 .66E-02 3 .54E+00 5 .61E-08 
13a 9.71E-01 1.41E-09 1.18E+00 6.69E-02 1.91E-02 7,29E+00 5.23E+01 6.05E+00 3.10E-08 3.86E+00 4 .64E+00 l .OIE+01 3 .33E-08 2 .15E+00 3.58E-01 1.66E-02 2 .21E+00 3 .50E.08 
14a 1.24E+00 1.79E-09 1.50E+00 8 .52E-02 2 .43E-02 9 .29E+00 6.66E+01 7.71E+00 3 .95E-08 4 .92E+00 5.92E+00 1.29E+01 4 .24E-08 2 .74E+00 4.56E-01 2 .12E-02 2 .82E+00 4 .46E-08 
l b 1.92E+00 2 .78E-09 2.33E+00 1.32E-01 3 .78E-02 1.44E+01 1.03E+02 1.20E+01 6 .12E-0B 7.63E+00 9.18E+00 2.00E+01 6.59E-08 4 .24E+00 7.08E-01 3 .29E-02 4 .37E+00 6 .92E-08 
2b 4 .41E-10 6.37E-19 5 .35E-10 3.03E-11 8 .67E-12 3.316-09 2.376-08 2 .74E-09 1.40E-17 1.75E-09 2 .11E-09 4 .59E-09 1.51E-17 9 .74E-10 1.626-10 7.546-12 l .OOE-09 1.59E-17 
3b 5.896-01 8 .53E-10 7.16E-01 4 .06E-02 1.16E-02 4 .42E+00 3.17E+01 3.67E+00 1.88E-08 2 .34E+00 2 .82E+00 6.14E+00 2 .02E-08 1.30E+00 2.17E-01 l . O l E - 0 2 1.34E+00 2 .12E-08 
4b 2 .16E-09 3 .13E-18 2 .63E-09 1.49E-10 4.25E-11 1.62E-08 1.16E-07 1.35E-08 6 .89E-17 8 .58E-09 1.03E-08 2 .25E-08 7 .41E-17 4 .78E-09 7 .97E-10 3.70E-11 4,926-09 7 .79E-17 
5b 1.31E+00 1.89E-09 1 .59E+00 8 .99E-02 2 .57E-02 9 .81E+00 7.03E+01 8.13E+00 4 .16E-08 5.19E+00 6.25E+00 1.36E+01 4 .48E-08 2 .89E+00 4.82E-01 2 .24E-02 2.97E+00 4 .71E-08 
6b 2 .33E+00 3 .38E-09 2 .84E+00 1.61E-01 4 .59E-02 1.75E+01 1.26E+02 1.45E+01 7 .44E-08 9 .27E+00 1.12E+01 2.43E+01 8 .00E-08 5.16E+00 e.6lE-01 4 .00E-02 5.31E+00 8 .41E-08 
7b 1.44E+00 2 .08E-09 1.75E+00 9 .90E-02 2.836-02 1.08E+01 7,74E+01 8.96E+00 4 .59E-08 5.71E+00 6.88E+00 1.50E+01 4 .93E-08 3 .18E+00 5.30E-01 2 .46E-02 3 .27E+00 5 .18E-08 
8b 6.04E.01 8 .74E-10 7.34E-01 4 .16E-02 1.19E-02 4 .53E+00 3.25E+01 3.76E+00 1.93E-08 2 .40E+00 2.896+00 6.29E+00 2 .07E-08 1.34E+00 2.23E-01 1.03E-02 1.37E+00 2 .18E-08 
9b 2 .83E+00 4 .09E-09 3.44E+00 1.95E-01 5 .56E-02 2.12E+01 1.52E+02 1.76E+01 9 .01E-08 1.12E+01 1.35E+01 2,95E+01 9 .70E-08 6.25E+00 1.04E+00 4 .84E-02 6.43E+00 1.02E-07 
10b 6.95E-01 l . O l E - 0 9 8.45E-01 4 .79E-02 1.37E-02 5.22E+00 3.74E+01 4 .33E+00 2 .22E-08 2 .76E+00 3.32E+00 7.24E+00 2 .38E-08 1.54E+00 2.56E-01 1.19E-02 1.58E+00 2 .50E-08 
l i b 1.43E+00 2 .08E-09 1.74E+00 9 .88E-02 2 .82E-02 1.08E+01 7.72E+01 8.93E+00 4 .57E-08 5.70E+00 6.86E+00 1.49E+01 4 .92E-08 3 .17E+00 5.29E-01 2 .46E-02 3 .26E+00 5 .17E-08 
12b 1.72E+00 2 .49E-09 2 .09E+00 1.19E-01 3 .39E-02 1.29E+01 9.27E+01 1.07E+01 5 .49E-08 6.84E+00 8 .24E+00 1.80E+01 5 .91E-08 3 .81E+00 6.35E-01 2 .95E-02 3 .92E+00 6.216-08 
13b 4 .06E+00 5.886-09 4 .94E+00 2.80E-01 8 .00E-02 3.05E+01 2.19E+02 2.53E+01 1.30E-07 1.61E+01 1.94E+01 4.24E+01 1.39E-07 8.98E+00 1.50E+00 6.96E-02 9 .25E+00 1.46E-07 
14b 2 .24E+00 3 .24E-09 2 .72E+00 1.54E-01 4 .40E-02 1.68E+01 1.20E+02 1.39E+01 7 .13E-08 8.88E+00 1.07E+01 2.33E+01 7 .67E-08 4 .94E+00 8.24E-01 3 .83E.02 5.09E+00 8.056-08 
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T A B L E 2.3.21 . - S E Q U E N T I A L L E A C H A T E S COMPOSITION (mg kg'^) FOR PHYSICO-CHEMICAL COMPONENT 7 
Al B a C a C d C u Fo K Mg m Na P Pb S S i s7 T i V Z n 
l a 1.80E+01 6.81E-01 5.07E+00 1.29E-10 1.07E+01 4.77E-01 8 .69E-09 1.73E+00 1.28E+01 5 .89E .02 4 .16E+00 7.63E+01 I .OIE+OO 2.37E+00 8 .52E-02 1.28E-10 4 .03E-03 2.45E-01 
2a 2 .28E-08 8.62E-10 6 .42E-09 1.63E-19 1.36E-08 6.03E-10 1.10E-17 2 .19E-09 1.62E-08 7.45E'11 5 .27E-09 9 .66E-08 1.28E-09 3 .00E-09 1,08E-10 1.61E-19 5.10E-12 3.10E-10 
3a 8 .16E-08 3 .08E-09 2 .30E-08 5 .84E-19 4 .85E-08 2 . l 6E -a9 3.93E-17 7 .84E-09 5 .80E-08 2.66E-10 1.88E-08 3 .45E-07 4 .56E-09 1.07E-08 3.85E-10 5 .77E-19 1.82E-11 1.11E-09 
4 a 1.09E-O7 4 .11E-09 3 .05E-08 7 .79E-19 6.47E-a8 2 .88E-09 5 .25E-17 1.05E-08 7 .73E-08 3.55E.10 2 .51E-08 4 .61E-07 6 .08E-09 1.43E-08 5 .14E-10 7 .69E-19 2.43E-11 1.48E-09 
5a 3 .81E+02 1.44E+01 1.07E+02 2 .73E-09 2.27E+02 1.01E+01 1.84E-07 3.66E+01 2.71E+02 1.24E+00 8.8aE+0l 1.61E+03 2 .13E+a i 5.01E+01 1.80E+00 2 .69E-09 8.52E-a2 5.18E+00 
6a 4.12E+02 1.56E+01 1.16E+02 2 .95E-09 2 .45E+02 1.09E+01 1.99E-07 3.96E+01 2.93E+02 1.35E+aO 9.52E+01 1.74E+Q3 2.30E+01 5 .42Et01 1.95E+00 2 .91E-09 9 .22E-02 5.60E+00 
7a 2 .14E+02 8.09E+00 6.03E+01 1.54E-09 1.27E+02 5.67E+00 1.03E-07 2.06E+01 1.52E+02 6.99E.01 4.95E+01 9.07E+02 1.20E+01 2.a2E+01 1.01E+00 1.52E-09 4 .79E-02 2.91E+00 
8a 1.32E+02 4.99E+aO 3.72E+01 9.46E-10 7.86E+01 3.49E+00 6 .37E-08 1.27E+01 9.39E+01 4.31E-01 3.05E+01 5.59E+02 7.39E+00 174E+01 6.24E-01 9 .34E-10 2 .96E .02 1.79E+00 
9a 1.12E+02 4 .22E+00 3.15E+01 8.01E-10 6.65E+01 2.96E+00 5 .39E-08 1.07E+01 7.95E+01 3.65E.01 2.58E+01 4 .73E+02 6.25E+00 1.47E+01 5.28E.01 7.91E-10 2 .50E-02 1.52E+00 
10a 5.75E+01 2 .17E+00 1.62E+01 4 .12E-10 3.42E+01 1.52E+00 2 .77E-08 5 .53E+00 4.09E+01 1.8aE-01 1.33E+01 2 .43E+02 3 .21E+00 7 . 5 8 E * 0 0 2.72E-01 4.06E-10 1.29E-02 7.81E-01 
11a 5 .74E-08 2.17E-a9 1.61E-08 4 .11E-19 3 .41E-08 1.52E-09 2 .77E-17 5 .52E-09 4 ,08E-08 1.87E-10 1.33E-08 2 .43E-07 3 .21E-09 7 .55E-09 2.71E-10 4 ,06E-19 1.28E-11 7 .79E-10 
12a 6.16E*01 2 .33E+00 1.73E+01 4.41E-10 3.66E+01 1.63E+0a 2 .97E-08 5.92E+00 4.38E+01 2 .01E^1 1.42E+01 2.61E+02 3.44E+00 8.10E+aO 2.91E-01 4.35E-10 1.38E-02 8.37E-01 
13a 4.01E-G8 1.52E-09 1.13E-08 2 .e7E-19 2 .39E-08 1.06E-09 1.93E-17 3 .86E-09 2 .85E-08 1.31E.10 9 .27E-09 1.70E-07 2 .24E-09 5 .28E-09 1.90E-10 2 .84E-19 8.97E-12 5.45E-10 
14a 6.62E+00 2.50E-01 1.86E+00 4.74E-11 3.94E+aO 1.75E-01 3 .19E-09 6.37E-01 4 .71E+00 2 .16E .02 1.53E+00 2.80E+01 3.70E-01 872E-01 3 .13E.02 4.68E.11 1.48E-03 9 .00E-02 
l b 1.54E+01 5.82E-01 4 .34E+00 1.10E-10 9 .17E+00 4.08E-01 7 .43E-09 1.48E+00 1.10E+01 5.03E-O2 3.56E+00 6.53E+01 8.62E-01 2 .03E+00 7 .29E-02 1.09E-10 3 .45E-03 2.09E-01 
2b 2.45E-a8 9 . 2 5 E - i a 6 .89E-09 1.75E-19 1.46E-08 6.48E-10 1.18E-17 2 .35E-09 1.74E-a8 7.99E.11 5 .66E-09 1.04E-07 1.37E-09 3 .22E-09 1.16E-10 1 7 3 E . 1 9 5 .48E-12 3.33E-10 
3b 1.64E+01 6.18E-01 4 .60E+00 1.17E-10 9 7 3 E + 0 0 4.33E-01 7.89E-G9 1.57E+00 1.16E+01 5 .34E-02 3 7 8 E + 0 G 6.93E+01 9.15E-01 2.15E+00 7 7 3 E - 0 2 1.16E-10 3 .66E-03 2.22E-01 
4b 1.2GE-07 4 .54E-09 3 .38E-08 8 .61E-19 7.14E-G8 3 .18E-09 5 7 9 E - 1 7 1.15E-08 8 .54E-08 3 .92E.10 2 7 7 E - 0 8 5 .09E-07 6 7 2 E - 0 9 1.58E-08 5.68E-10 8 .50E-19 2.69E-11 1.63E-G9 
5b 2.93E+G2 1.11E+01 8.24E+01 2.1GE-09 1 7 4 E + 0 2 7 7 5 E + 0 0 1.41E-07 2.82E+G1 2.08E+G2 9.56E-01 6 7 7 E + 0 1 1.24E+03 1.64E+01 3.a6E+01 1.38E+G0 2 .07E-09 6 .55E-02 3.98E+0G 
6b 4 .56E+02 172E+01 1.28E+02 3 .27E-09 2 7 1 E + 0 2 1.21E+01 2 .20E-07 4.38E+01 3.24E+02 1.49E+00 1.05E+G2 1.93E+G3 2.55E+01 6.00E+01 2.15E+00 3 .22E-09 1.02E-01 6.19E+00 
7b 3.07E+02 1.16E+01 8.63E+01 2 .20E-09 1.83E+G2 8.12E+G0 1.48E-07 2.95E+G1 2.18E+02 1.00E+00 7.09E+01 1.3GE+03 172E+01 4.04E+01 1 .45E*00 2 .17E-09 6.86E-G2 4 .17E+00 
8b 1.90E+02 7.16E+00 5.33E+01 1.36E-G9 1.13E+02 5.G1E+00 9 .14E-08 1.82E+G1 1.35E+02 6.19E-01 4.38E+01 8 .03E+02 1.G6E+G1 2.50E+01 8.96E-01 1.34E-09 4 .24E-G2 2.58E+00 
9b 1.64E+02 6.20E+00 4.62E+G1 1.18E-09 9 7 7 E + 0 1 4 .34E+00 7 .92E-08 1.58E+01 1.17E+G2 5.36E-01 379E+G1 6.95E+G2 9.18E+G0 2.16E+01 7 7 6 E - G 1 1.16E-G9 3 .67E-02 2.23E+00 
10b 8.21E+01 3.10E+G0 2.31E+G1 5.88E-10 4.e8E+01 2.17E+00 3 .96E-08 7.89E+00 5.84E+01 2.68E-01 1.90E+01 3.48E+02 4.59E+0G 1.08E+G1 3.88E-G1 5 ,80E-10 1.84E-02 1.12E+00 
l i b 1.02E+01 3.86E-01 2 .88E+00 7.32E-11 6.08E+GG 270E-01 4 .93E-09 9.83E-01 7.27E+0G 3.34E-02 2 .36E+00 4.33E+01 571E-01 1.35E+G0 4 .83E-G2 7.23E-11 2 .29E-03 1.39E-01 
12b 8.06E+01 3 .04E+00 2.27E+01 5 7 7 E - 1 0 4 7 9 E + 0 1 2 .13E+00 3 .89E-08 7 7 5 E + 0 0 5 7 3 E + 0 1 2.63E-01 1.86E+01 3 .41E+02 4.5tE+0G 1.06E+Ot 3.81E-01 5 7 0 E - 1 0 1.80E-02 1.09E+00 
13b 2 .00E+00 7 .54E-02 5.61E-01 1.43E-11 1.19E+00 5 .28E-02 9 .62E-10 1.92E-01 1.42E+G0 6 .51E .03 4.61E-01 8.4SE+00 1.12E.01 2.63E-01 9 .43E-03 1.41E-11 4 .46E-04 2 7 1 E - 0 2 
14b 271E+G1 1.03E+00 7.64E+00 1.94E-10 1.61E+01 7.18E-G1 1.31E-08 2.61E+00 1.93E+01 8 .86E-02 6.27E+00 1.15E+02 1.52E+00 3.57E+00 1.28E-01 1.92E-10 6 .07E .03 3.69E-01 
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2 .3 .3 P H Y S I C O - C H E M I C A L C O M P O N E N T S O B T A I N E D F O R N I S T - 2 7 1 0 
Following assessment of the total solid extracted in the sequential leachates and the 
elemental composition, tentative assignments of the components found in this study to 
specific physico-chemical phases were made. The acidity of leachates removing each 
fraction served as an indication of the ease of extraction (i.e. pore-water fraction is normally 
extracted in the first leachates as it is removed by water). The second aspect to consider 
when identifying the fractions was the elemental composition of the physico-chemical phase 
(i.e. a fraction made up by mainly Fe and Mn and removed within the last leachates would 
possibly represent the Fe-Mn oxides fraction). Correlation of these results with those 
obtained by other workers for the same certified reference material using the Tessier 
scheme was calculated and the results are shown in Table 2.3.22. 
Component 1: 
This component was extracted with 0.01-0.05 M HNO3 and comprised mainly of Ca (37%), 
Mn (19%). Zn (16%) and Mg and K (both < 15%). The significant correlation (Table 2.3.22) 
with the fraction extracted using MgCIa under the Tessier scheme by other authors^^° 
suggests that this is the exchangeable fraction. 
Component 2 and Component 5: 
Component 2 was extracted using 0.1 < 1.0M HNOaand was dominated by Fe (60 %) and 
smaller amounts of Al, and Ca. Component 5 extracted with 0.1-5M HNO3 was also made up 
of Fe (24 %) and Al (31 %) with Mn, Si and Zn ranging from 18-5 %. Correlation between 
these components and the Fe-Mn oxide fraction in other studies was found (Table 2.3.22) 
suggesting that the present methodology may have identified two different iron oxide 
components. Thus component 2, being the more easily extracted, could be the amorphous 
Iron oxide fraction whilst component 5, which was extracted with more concentrated acid and 
shows good correlation with the residual fraction found when following Tessier's protocol, is 
probably the crystalline iron-manganese oxide fraction. 
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Component 3: 
This component was removed by HNO3 in the range 0.05-0.1M and was made up of Cu (28 
%) and Zn (18%) and smaller amounts of Ca, P, Mn, Mg, K and Na. This component has not 
significant con-elation with previously identified fractions although it is possible that previous 
methods were not able to identify this as an independent component. The composition of 
this component may be a mixture of metal sulfides and carbonate/hydroxides. 
Component 4: 
This is the most easily extracted component as it was removed completely by Milli-Q water. 
It was made up mainly from S (57 %) and K, Na, Ca and Mn. Although sulfur was the main 
element, unfortunately it was not determined in the eariier studies (i.e. Tessier scheme). 
Therefore even though significant con-elation v^ nth the exchangeable fractions found by other 
authors was achieved no tentative assignment is made. The ease of removal of this 
component suggests that it could be derived from residual salts from the original pore-water 
in the soil. 
Component 6: 
This minor component was extracted over a broad range from 0.01 to 5M HNO3. It consisted 
mainly of K with smaller amounts of Pb, P, S, Na and Mg. 
Component 7: 
This component was removed within the range 0.05-0.5 M HNO3 and was made up of 57% 
Pb. Al 13%, Mn 10% and 8% Cu. There is a significant correlation with previous dominated 
Pb fractions (Table 2.3.22). A component of similar composition would be obtained following 
the Tessier's procedure when using sodium acetate at pH5 (reagent specified to extract 
carbonate and specifically adsorbed phases) suggesting then that this is the Pb carbonate 
phase. 
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F I G U R E 2.3.5.- EXTRACTION P R O F I L E S AND P E R C E N T A G E COMPOSITIONS F O R T H E 7 P H Y S I C O -
CHEMICAL COMPONENTS (ERROR BARS R E P R E S E N T ±a FOR n=2) 
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F I G U R E 2 .3 .5 (CONT. ) 
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F I G U R E 2 .3 .5. - (CONT.) 
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T A B L E 2.3 .22. - CORRELATION COEFFICIENTS BETWEEN THE COMPONENT COMPOSITIONS FOUND IN THE TESSIER^^° AND NON-SPECIFIC^^ 
EXTRACTION DATA AND T H E COMPONENT COMPOSITIONS OBTAINED WITH THE NEW METHOD FOR N I S T 2 7 1 0 . SIGNIFICANT CORRELATIONS 
MARKED IN BOLD. 
Component 1 Component 2 Component 3 Component 4 Component 5 Component 6 Component 7 
Exchangeable Fe-Mn amorp. ox. Mixed Pore-water Fe-Mn cryst. ox. minor carbonate 
Correlation p-vatue Con-elalion p-value Correlation p-value Correlation p-value Correlation p-value Correlation p-value Correlation p-value 
T e s s i e r 
L M g C l j ( E x c h a n g e a b l e ) 0.9541 p<0.0001 -0 .2037 0.5254 0 .2498 0.4337 0.6529 0.0214 -0 .1309 0.6852 0.0951 0.7688 0.1244 0.7001 
Z C H j C O O - N a 0 .0945 0 .7702 -0 .2013 0.5304 0 .5245 0 .0800 0.1043 0.7471 -0 .2052 0.5223 0.1767 0.5827 0.8129 0.0013 
3.F6-Mn Ox ides 0.1130 0.7267 0.5875 0.0446 -0 .0295 0.9275 -0 .1232 0 .7030 0.6069 0.0364 -0 .1116 0 .7299 0.0412 0.8989 
4 . 0 r g . matter/Sutfide -0 .1064 0 .7420 0 .2775 0.3825 0 .2643 0.4064 -0.2187 0.4947 0.5720 0.0520 -0 .1206 0 .7090 0.6730 0.0165 
5 .Residual P h a s e -0 .0825 0 .7987 0.6343 0.0267 -0 .3638 0.2451 0 .0659 0.8388 0.8130 0.0013 0.1311 0.6848 -0.0143 0.9648 
Non-specif ic 
I . P b / C a / C u . . . -0.1661 0.6060 -0 .2342 0.4637 0 .5532 0.0621 -0 .1616 0.6157 -0.1661 0.6060 0 .0185 0.9544 0.8356 p<0.001 
2.AI-Si fraction -0 .1003 0.7564 0.5749 0.0505 -0 .3506 0 .2638 0 ,0563 0 .8620 0.7681 0.0035 0.1173 0 .7166 -0.0093 0.9772 
3 .Fe-Mn O x i d e s 0.1139 0.7245 0.5865 0.0450 -0 .0910 0 .7786 -0 .1320 0 .6825 0.6160 0.0330 -0 .1343 0.6773 -0.0472 0 .8843 
4. E x c h a n g e a b l e 0.9808 p<0.0001 -0 .1906 0.5529 0 .1796 0.5765 0 .6936 0.0124 -0 .1396 0.6653 0.1107 0 .7319 0 .0135 0 .9668 
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2.3.3.1 Comparison of results for N I S T - 2 7 1 0 w i th tradit ional extract ion schemes 
Totals extracted in each physico-chemical phase with the new method and data obtained 
following Tessler^^" scheme for NIST-2710 can be seen In Table 2.3.23. There are difficulties 
In making a direct comparison of the extraction scheme used In this study with the more 
traditional extraction schemes. There is a general agreement that the partitioning of trace 
elements obtained by such procedures is operationally defined, i.e. extractants suffer from 
lack of selectivity and therefore, specific metal leaching from the target phase Is 
troublesome. The method used in this study, however, allows the data obtained from the 
extraction to define components that are present in the soil and therefore reflects the 
distribution of elements and not methodologically defined data. There is also evidence that 
the extracted elements are less likely to experience re-adsorption phenomena since the 
residence time of the extraction solution when it is In contact with the soil is much sorter than 
the traditional batch methods. Therefore a direct quantitative comparison between the 
method studied here and the results of Li et ai.^'° will involve taking into account these 
differences In methodology which are likely to cause discrepancy. Never the less the 
comparison can provide some qualitative insights into the type of interpretation that can be 
provided by the two techniques. The differences between the methods can be considered as 
the 'bias' between the methods but again the differences In the way the data have been 
obtained (outline above) must be taken Into consideration. Measurement of bias between 
two methods suggests that one method Is the true result. Clearly In this Intance there is no 
'true' result so this value cannot be considered as a true 'bias'. 
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T A B L E 2.3.23.- T O T A L S E X T R A C T E D IN E A C H PHYSICO-CHEMICAL P H A S E WITH T H E NEW METHOD 
AND DATA OBTAINED FOLLOWING T E S S I E R " ° S C H E M E F O R NIST-2710 WITH ± 2a (n=6) (mg 
kg-^). D I F F E R E N C E S ( 'BIAS') HAVE B E E N C A L C U L A T E D FOR E X C H A N G E A B L E , C A R B O N A T E AND 
IRON OXIDES P H A S E S . 
N e w 
method 
E x c h a n g e a b l e C a r b o n a t e 
F e - M n 
A m o r p h o u s 
^ " " ^ ^ r Pore -water Mixed 
Crvsta l l ine 
Minor Total 
Al <0.1 1513 ± 3 7 0 1782 ± 4 2 2 0 1 2 ± 3 1 <0.1 0 .6 ± 0 . 2 13.5 ± 1 3 . 0 5 3 2 0 . 6 3 
C a 3 3 3 9 ± 4 3 8 4 3 5 ± 1 0 7 5 7 9 ± 1 4 0 .3 ± 0 . 1 3 8 8 +213 1188 ± 7 6 0.3 ± 0 . 3 5 9 2 9 . 2 9 
C d 2 .5 ± 0 . 3 <0.1 2.1 ± 0 . 3 0 .5 ± 0 . 1 0 .9 ± 0 . 5 12.6 ± 0 . 8 1.1 ± 1 . 1 19 .76 
C u 7.4 ± 1 . 0 7 4 4 ± 2 3 1 18 .08 ± 0 . 4 2 0.24 ± 0 . 0 4 <0.1 2 0 8 7 ± 1 9 9 5.4 ± 5 . 2 2 8 6 1 . 3 4 
F e <0.1 14.0 ± 3 . 4 4 2 6 6 ± 9 9 1596 ± 2 4 <0.1 2 0 9 ± 1 3 129 ± 1 2 4 6 2 1 3 . 6 8 
K 1 1 5 0 ± 1 5 1 <0.1 36.61 ± 0 . 8 5 <0.1 579 ± 3 1 9 431 ± 2 8 850 ± 8 1 7 3 0 4 7 . 2 4 
Mn 1732 ± 2 2 7 1104 ± 2 7 0 64 .42 ± 1 . 5 0 1174 ± 1 8 132 ± 7 3 5 7 0 ± 3 7 <0.1 4 7 7 5 . 8 0 
P 44 ± 6 2 8 9 ± 9 1 <0.1 0 .13 ± 0 . 0 3 <0.1 6 5 4 ± 8 9 56 ± 7 5 1 0 4 2 . 7 5 
P b <0.1 4 5 2 3 ± 1 5 8 6 <0.1 0 .23 ± 0 . 0 4 14.2 ± 7 . 8 7 3 5 ± 6 7 141 ± 1 5 5 5 4 1 4 . 2 2 
S r 0.7 ± 0 . 1 7.4 ± 1 . 8 9 .3 ± 0 . 2 0.31 ± 0 . 1 1 8.8 ± 4 . 9 51 ± 3 6.0 ± 5 . 8 8 3 . 0 8 
Ti <0.1 <0.1 13.54 ± 0 . 3 2 27 .6 ± 0 . 4 2 <0.1 <0.1 0.4 ± 0 . 4 41.61 
V 3.1 ± 0 . 4 0.4 ± 0 . 1 <0.1 <0.1 <0.1 <0.1 36 ± 3 5 39 .57 
Z n 1 4 2 8 ± 1 8 7 48 ± 1 2 26 .90 ± 0 . 6 3 3 4 9 ± 5 4 7 ± 2 6 1969 ± 1 2 7 <0.1 3 8 6 7 . 9 7 
T e s s i e r E x c h a n g e a b l e C a r b o n a t e F e - M n 
O r g a n i c / 
su l f ides 
R e s i d u a l Total C T V 
Al 44 ± 1 4 64 ± 4 0 4 8 9 ± 7 0 9 1 0 ± 7 4 6 2 6 0 0 ± 5 1 0 0 6 4 1 0 0 ± 5 1 0 0 644001:800 
C a 1 6 2 0 ± 6 0 3 2 3 ± 8 6 2 1 8 ± 2 6 152 ± 1 4 10400 ± 1 0 0 0 1 2 7 0 0 ± 1 0 0 0 1250(>t300 
C d 9.7 ± 0 . 3 3 .0 ± 0 . 5 3 .3 ± 0 . 3 0.7 ± 0 . 1 3.9 ± 1 20 .6 ± 1 . 0 2 1 . 8 0 ± 0 . 2 
C u 147 ± 1 2 7 0 4 ± 4 8 704 ± 1 1 0 6 5 7 ± 7 2 3 8 5 ± 3 0 2 6 5 0 ± 1 4 0 2 9 5 O ± 1 3 0 
F e 37 ± 3 7 168 ± 7 6 5 1 5 0 ± 1 8 2 0 4 6 8 ± 2 0 0 2 8 1 0 0 ± 2 6 0 0 3 3 9 0 0 ± 3 2 0 0 3 3 8 0 0 ± 1 0 0 0 
K 5 8 6 ± 4 2 4 0 7 ± 1 6 0 251 ± 1 4 1 4 5 ± 1 8 18400 ± 1 6 0 0 2 1 1 0 0 ± 1 6 0 0 2 1 1 0 0 ± 1 1 0 0 
Mn 9 1 2 ± 6 8 3 9 5 ± 7 6 4 6 6 0 ± 8 7 0 6 2 9 ± 4 0 3 8 3 0 ± 2 4 0 1 0 4 0 0 ± 9 0 0 1 0 1 0 0 ± 4 0 0 
P 3 ± 2 14.0 ± 7 . 0 108.0 ± 8 . 0 50 ± 2 5 7 0 2 ± 9 0 8 7 7 ± 1 0 2 1 0 6 0 ± 1 5 0 
P b 5 5 3 ± 2 0 1300 ± 1 0 0 1250 ± 2 2 0 9 0 0 ± 1 1 0 1080 ± 9 0 5 0 8 0 ± 2 8 0 5 5 3 2 ± 8 0 
S r 33 .0 ± 1 . 8 8.4 ± 1 . 4 9 .5 ± 1 . 1 7.6 ± 0 . 6 259 ± 3 2 3 1 8 ± 3 2 (240) 
TI 1.6 ± 1 . 0 0.8 ± 0 . 4 0 .5 ± 0 . 3 0 .9 ± 0 . 6 2 6 7 0 ± 5 0 2 6 7 0 ± 6 0 2 8 3 0 ± 1 0 0 
V 0.1 ± 0 . 1 1.0 ± 0 . 7 8.8 ± 1 . 2 2.2 ± 1 . 0 60.1 ± 5 72 .3 ± 6 . 0 7 6 . 6 0 ± 2 . 3 
Z n 7 4 3 ± 2 2 4 5 0 ± 4 0 2 0 1 0 ± 2 6 0 387 ± 2 6 2 8 6 0 ± 3 5 0 6 4 5 0 ± 4 4 0 6 9 5 2 ± 9 1 
•BIAS" E x c h a n g e a b l e C a r b o n a t e F e - M n 
Al 44 1448 .7 3305 .4 
C a 1 7 1 9 112 .5 361 .2 
C d 7 3.0 0.7 
C u 140 4 0 . 0 685 .9 
F e 37 154 .0 7 1 1 . 8 
K 5 6 4 4 0 7 . 0 214 .4 
Mn 8 2 0 708 .7 3422.1 
P 41 2 7 5 . 0 108 .0 
P b 5 5 3 3 2 2 3 . 3 1250 .0 
S r 3 2 1.0 0 .2 
Ti 2 0 .8 40 .7 
V 3 0 .6 8 .8 
Z n 6 8 5 4 0 1 . 8 1634 .2 
* C T V is the certified total concentrat ion 
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2.3.3.2 Total amount of metal extracted 
The total amount of metal extracted from the NIST-2710 was obtained by summing the metal 
content of each leachate compared to the certified values present in the sample. For the 
heavy metals Cu and Pb. 85-95% and Cd 60-70% of the total metal was extracted by this 
method, suggesting that these elements occur in the more reactive physico-chemical 
phases. For Zn the recovery was much less and this could be due to Zn occunng in the less 
reactive alumino-silicate matnx of the soil. (Figure 2.3.6) 
F I G U R E 2.3.6.- T O T A L METAL E X T R A C T E D COMPARED TO CERTIF IED V A L U E S FOR NIST-2710 
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2.3.3.3 Distr ibut ion of heavy metals Cd. Cu. Pb and Zn among the identif ied 
components 
The distnbution of the heavy metals Cd. Cu, Pb and Zn was studied and the results are 
shown in Figure 2.3.7. Component 7, where most of the lead extracted resides, had been 
previously correlated with the fraction extracted by sodium acetate by Tessier scheme. Zn 
was extracted in both exchangeable and mixed sulfide/carbonate/hydroxide fractions 
whereas Cd and Cu were extracted 63% and 76% respectively in the mixed fraction 
(component 3) and small percentages in the other fractions. 
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F I G U R E 2.3.7.- DISTRIBUTION O F Pb, Cd, Cu AND Zn AMONG T H E COMPONENTS 
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13% 
r 
6% 3% 
2% 
85S 63% 
1 1 % 
23.25% 
0.25% 0.5% 
Zn 
76% 51% 
37% 
• Component 1 • Component 2 • Component 3 • Component 4 
• Component 5 • Component 6 • Component 7 
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2.4 CONCLUSIONS 
In this chapter the development and optimisation of a novel multi-element extraction has 
been described. This approach both saves lime and simplifies typical extraction procedures. 
The extraction process was carried out in centrifuge tubes fitted with a filter insert to avoid 
the need for washing between extractions and allows the sequential extract to be analysed 
directly by ICP-AES. Due to the short contact time between soil and extraction solution the 
elements are less likely to experience re-adsorption. Elements such as Mg, S and Na can 
also be determined. 
Tentative assignments have been made in order to characterise the different physico-
chemical phases in a reference soil. This has been done by comparison with data 
previously obtained following the application of Tessier's protocol. In many cases a good 
correlation was achieved and hence the method offers potential for a range of environmental 
pollution studies and quick identification of components in geochemical samples. 
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CHAPTER 3: EVALUATION OF THE EXTRACTION PROTOCOL USING CERTIFIED REFERENCE MATERIALS 
3.1 INTRODUCTION 
In Chapter 2, the development and optimisation of a new multi-element sequential extraction 
method was described. The further evaluation of the method using different materials Is 
described in this chapter. 
A soil reference material, a marine sediment and a "real" sediment sample from a polluted 
estuary have been studied. Physico-chemical components were obtained and fractions 
identified have been compared with those obtained by other wori<ers. Total digestion of the 
real sample was performed so that total concentrations could be taken into account in the 
discussion. 
The repeatability of the method was assessed by conducting duplicate analyses on one of 
the test materials. Data obtained from three independent replicate aniaysis of the River 
Carnon sample were tested by applying a simple fitness-for-purpose control chart based on 
duplicate results (i.e. 6 sets of data). The Thompson-Howarth chart^^^ has been in use for 
many years in the geoanalytical community and offers an easy way of monitoring the 
repeatability of the method when many elements at different concentrations are analysed 
simultaneously. As duplicate analyses are performed as a matter of routine when using the 
new protocol, no additional Infonnation is required. Absolute differences between the two 
duplicate measurements are plotted against the mean result and, assuming a normal 
distribution, limits for the absolute values are defined and plotted in the same graph. The 
final step is to decide whether the data agrees with the fitness-for-purpose defined by the 
user by seeing how the differences lie in relation to the specified limits. 
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3.2 EVALUATION USING CRM-NIST-2711 
3.2.1 E X P E R I M E N T A L 
3.2.1.1 Test material 
NIST (National Institute of Science and Technology. Galthersburg. Maryland, USA) certified 
reference material. CRM 2711 was used to evaluate the protocol. This CRM is a moderately 
contaminated agricultural soil collected from the till layer of a wheat field in the Montana area 
(USA). It has been widely used in studies involving sequential extraction procedures^^"^^°*^^\ 
The certified composition of CRM 2711 is shown in Table 3.2.1. 
T A B L E 3.2.1.- C E R T I F I E D coMPOsmoN O F T H E R E F E R E N C E MATERIAL NIST-2711 
Element CERTIFIED VALUE 
(mg kg ') 
Uncertainty [%] 
Al 65300 1 
Ba 726 5 
Ca 28800 3 
Cd 41.7 1 
Cu 114 2 
Fe 28900 2 
K 24500 3 
Mg 10500 3 
Mn 638 4 
Na 11400 3 
P 860 8 
Pb 1162 3 
S 420 2 
Si 304400 1 
Sr 245.3 
Ti 3060 8 
V 81-6 4 
Zn 350.4 1 
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3.2.1.2 Sequential Extraction Procedure and Analysis of Extracts using ICP-AES/MS 
Operating conditions for the ICP-AES/MS instruments were as summarised in Tables 2.2.1 
and 2.2.2 in Chapter 2. The sequential extraction procedure was performed as reported in 
Chapter 2 for all the samples. 
3.2.2 S E Q U E N T I A L E X T R A C T I O N R E S U L T S F O R CRM NIST-2711 
Two replicate analyses of the reference material were conducted using the optimum 
conditions described in chapter 2 and the data was evaluated using chemometrics. Detailed 
data obtained for the sequential leachates are shown in Table 3.2.2. Chemometric 
processing of the data obtained from the analysis of the sequential extracts by ICP-AES may 
be used to elucidate the physico-chemical composition of the soil/sediment by comparison 
with the phases obtained by other workers using Tessier's protocoP^**. 
3.2.2.1 Selection of the number of components using rotated Eigenvalues 
In this case the Eigenvalues obtained for the PCA model show that there are six 
components with rotated Eigenvalues greater than (0.025) and a step change between the 
sixth and the seventh Principal Component (Figure 3.2.1). Therefore six components have 
been used to describe the model. In addition a trial for eight components was performed 
since the results indicated that some components split (i.e. some of the original 6 
components will split into two components when 8 principal components are selected). 
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F I G U R E 3.2.1 . - R O T A T E D E I G E N V A L U E S OBTAINED FROM PRINCIPAL COMPONENTS A N A L Y S I S 
F O R N I S T - 2 7 1 1 . 
S 0.1 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
factors 
3 .2 .2 .2 Physico-chemical components obtained for N I S T - 2 7 1 1 
As described previously in 2.3.3 for the certified reference material NIST-2710, evaluation of 
the elemental composition and the total solid extracted in the sequential leachates enabled 
tentative assignments of the components found in this study to specific physico-chemical 
phases to be made. Correlation of these results with those obtained by other workers for the 
same certified reference material using the Tessier scheme was calculated and the results 
are presented in Table 3.2.3 and 3.2.4. 
The levels of Al and Ca in NIST-2711 were very high compared with the other elements 
measured. It is possible that these two analytes could have a disproportionately high effect 
during the statistical aniaysis. Therefore two correlations were performed. The first one 
(Table 3.2.3) takes the Al. Ca. Cd. Cu. Fe, K. Mn, P, Pb, Sr, Ti, V and Zn contents in the 
Tessler-fractions"° into account. From this first correlation it was possible to Identifiy 
fraction 2 as being the carbonate fraction as its elemental composition correlates 
significantly with the fraction extracted by magnesium chloride when using the Tessier 
method. However it also correlates with the exchangeable fraction so a second correlation 
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excluding Ca and Al was perfonned. Good con-elation was still found between fraction 2 and 
the exchangeable fraction, whereas the good con-elation with the carbonate fraction 
disappears. This indicates that the high concentrations of Ca and Al were disturbing the 
statistic analysis. 
In the first correlation the metals associated with the carbonate fraction extracted using 
sodium acetate in the Tessier scheme were found to correlate with fractions 2 and 3 and the 
second correlation without Al and Ca confirmed that this was the carbonate fraction. 
Fractions 4 and 5 were found to correlate with both the iron-manganese oxides and the 
organic and residual fractions. Further con-elatlons without taking first Ca and then both Ca 
and Al into account led to a good correlation between fractions 4 and 5 and the iron-
manganese oxides fraction. Fraction 5 was also found to correlate with the residual phase, 
thereby facilitating its identification as the iron-manganese crystalline fraction. Fraction 4 
would therefore be the iron-manganese amorphous oxides fraction. 
Finally fraction 6 was identified as being the residual phase, with a good correlation with the 
organic/sulfide phase. 
Fraction 1 did not correlate well with any of the Tessier fractions because Na is not extracted 
using the Tessier scheme. Since this fraction was extracted with water, it was identified as 
being the pore-water fraction. 
Tentative assignments were therefore made for the six physico-chemical components as 
follows: 
The pore-water fraction was a minor component in this case and was made up mainly from 
Na (33%) and K (47%) (fraction 1). 
The second fraction (major fraction 2) was identified as the exchangeable fraction because 
of the good correlation with the fraction extracted by magnesium chloride in the Tessier 
scheme. It was removed by 0.01-0.05M aliquots of HNOsand was made up of Ca (86%) and 
small amounts of Mg (6%) and K (6%). 
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The next fraction extracted using 0.1-0.5M HNO3 was dominated by Ca (91%) and Pb (3%). 
This was the carbonate phase (fraction 3). This fraction would have reflected the 
bioavailability of lead from the soil but as the lead content in NIST-2711 is lower than that in 
NIST-2710 (five times less) the amount of lead extracted was also smaller. 
As the manganese content in NIST-2711 is also lower than in NIST-2710 no manganese 
was present in the iron-manganese oxides fraction. Two iron oxides fractions were then 
extracted. The iron amorphous oxides fraction was extracted by 0.1-0.5M HNO3 and this 
correlated significantly with the iron and manganese oxides fraction extracted with the 
Tessier scheme. It was made up of Al (29%). Pb (16%). Mg (16%), Fe (10%) and P (10%). 
The second iron-oxides fraction was extracted by 0.5-5M HNO3 and con-elated significantly 
with the iron-manganese oxides Tessier fraction. Since it was extracted at higher acidity this 
fraction was identified as being the iron crystalline oxides fraction. 
Fraction 6 was extracted over a diffuse extraction window. This component was found to be 
a minor fraction made up mainly of Si (44%), Al (31%) and Fe (12%). Good correlation with 
the residual phase obtained by the Tessier method indicated that this could be the residual 
fraction. It also con-elated significantly with the organic matter phase. 
The physico-chemical components identified in NIST-2711 are summarised in Figure 3.2.2. 
Following the same extraction procedure and data treatment protocol on both reference 
materials (NIST-2710 and 2711), revealed significant differences in terms of elemental 
composition, bioavailability of metals and physico-chemical components. This approach may 
be completed in only a few hours and although a complete extraction of the metals is not 
achieved, the results obtained were found to correlate well v^ nth those found using the full 
Tessier method. Since Tessier method takes a few days the new method cleariy offers 
potential as a rapid sample characterisation procedure. 
The amount of solid extracted and the elemental composition for each fraction can be seen 
in Figure 3.2.2. 
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T A B L E 3 .2 .2 . -DATA OBTAINED (mg kg'^) FROM T H E SEQUENTIAL EXTRACTION L E A C H A T E S USING N I S T - 2 7 1 1 
Extractant Al Ba C a Cd Cu F c K Mg Mn Na P Pb s SI Sr Tl V Zn 
1 Dl HjO 0.27 0.38 111.08 0.86 1.54 0.58 80.77 17.06 0.10 34.85 2.40 0.90 6.51 32.54 0.37 o.oe 0.15 0.10 
2 Dl H2O 2.35 0.38 61.66 0.95 0.83 0.58 58.63 8.62 0.10 20.41 6.20 0.90 2.67 24.89 0.24 0.05 0.09 0.10 
3 0.01 M HNOa 4.50 6.18 1916.44 1.33 0.70 0.58 211.44 169.76 2.95 26.69 3.19 1.99 2.67 39.85 4.11 0.06 0.11 3.00 
4 0.01 M HN03 7.70 5.08 2159.82 1.63 0.78 0.58 182.77 162.63 7.30 16.99 4.12 6.57 4.14 45.68 4.34 0.06 0.09 4.10 
5 0.05 M HNO3 136.20 23.31 4781.41 7.70 5.06 27.97 183.47 252.97 41.19 28.46 32.88 131.65 16.76 95.89 8.57 0.07 0.40 
19.49 
6 0.05 M HNO3 286.20 34.62 6036.01 12.01 10.15 56.38 190.08 309.11 96.86 14.54 68.76 243.10 24.35 168.39 9.65 0.10 0.76 
30.94 
7 0.1 M HNOa 225.05 26.77 3282.27 7.76 8.41 66.58 114.13 227.74 79.44 25.77 73.29 190.26 12.74 121.30 5.38 0.38 0.59 
22.26 
8 0.1 M HNO3 557.92 33.13 2312.40 7.55 13.09 130.76 111.96 388.33 60.82 2.27 170.85 313.74 2.67 244.77 4.12 0.65 
1.34 30,22 
9 0.5 M HNO3 733.89 14.74 815.86 2.07 10.16 306.15 92.90 239.16 23.84 11.14 189.82 162.66 2.67 194.50 1.66 3.19 
1.07 13.10 
10 0.5 M HNOa 470.73 6.27 176.90 1.16 5.15 185.44 67.64 135.22 10.03 5.80 44.98 29.01 2.67 216.32 0.67 
2.37 0.60 7.94 
11 1 M HNOa 509.62 4.27 62.44 0.95 3.50 207.08 83.73 94.74 6.58 7.83 31.50 16.54 2.67 256.86 0.55 3.85 0.53 7.15 
12 1 M HNOa 356.03 1.20 18.40 0.98 1.53 92.73 49.84 54.15 3.48 25.80 19.40 3.49 2.67 191.25 0.36 2.88 0.28 3.57 
13 5 M HNO3 557.55 3.00 19.25 1.35 4.00 186.36 112.66 103.29 7.00 18.74 39.09 13.06 2.67 254.88 0.64 5.72 0.57 8.65 
14 5 M HNO3 797.23 3.13 18.58 1.27 3.52 217.88 120,38 134.57 10.32 24.63 37.25 6.66 2.67 187.47 0.79 6.99 0.66 9.77 
1 Dl HjO 3.36 0.38 111.12 0.89 0.69 0.58 81.57 16.68 0.14 59.07 3.65 0.53 6.97 34.19 0.37 0.06 0.11 
0.10 
2 Dl H2O 1.89 0.38 62.30 0.93 0.37 0.58 64.53 9.61 0.10 53.68 2.82 0.90 2.67 27.14 
0.24 0.06 0.14 0.10 
3 0.01 M HNO3 1.16 5.30 2240.22 1.17 0.21 0.58 214.23 177.79 2.43 28.87 1.05 0.90 2.67 38.97 4.51 
0.06 0.09 2.39 
4 0.01 M HNOa 0.27 3.04 2525.31 1.76 0.13 0.58 141.40 139.76 5.59 19.29 1.51 0.90 2.67 34.70 
4.41 0.06 0.12 2.20 
5 0.05 M HNOa 266.60 48.07 9828.53 21.25 6.19 21.49 268.00 388.35 121.70 6.24 39.30 193.35 48.21 216.68 16.50 
0.06 0.48 48.15 
6 0.05 M HNO3 203.59 30.15 2470.67 7.15 14.41 118.88 152.62 262.80 85.18 16.17 73.68 303.09 2.67 134.95 4.69 0.25 1.19 25.11 
7 0.1 M HNO3 262.99 12.99 689.65 1.82 7.53 56.29 61.38 167.64 25.04 26.74 76.49 204.02 2.67 93.05 1.52 0.38 0.63 9.06 
8 0.1 M HNO3 475.23 19.29 1162.76 2.15 5.81 59.01 77.62 372.67 30.07 26.92 116.59 133.37 2.67 206.37 2.15 
0.54 0.73 16.34 
9 0.5 M HNO3 677.17 13.20 637.33 1.62 7.83 252.89 68.84 128.67 11.11 32.15 160.07 109.02 2.67 151.19 1.36 2.23 0.77 8.48 
10 0.5 M HNO3 453.73 8.34 407.79 1.61 4.51 155.68 63.69 102.11 12.74 27.63 53.91 47.72 2.67 185.01 0.97 1.98 
0.61 7.70 
11 1 M HNO3 519.38 4.39 81.28 0.95 3.31 196.90 70.35 85.43 6.83 34.13 29.73 16.02 2.67 212.55 0.54 2.93 0.46 6.43 
12 1 M HNO3 379.99 0.77 18.00 1.01 1.71 102.61 54.33 51.72 3.52 12.05 21.24 6.37 2.67 177.55 0.36 2.59 
0.33 3.59 
13 5 M HNO3 619.74 2.48 15.36 1.04 3.18 163.57 95.97 84.44 5.85 24.57 31.55 9.42 2.67 199.90 0.53 4.51 
0.46 6.94 
14 5 M HNO3 856.79 2.85 17.43 1.07 2.78 203.12 111.35 129.25 9.07 20.00 40.30 8.08 2.75 136.17 0.76 
5.73 0.71 9.40 
'Where the concentration of a particular element was found to be less than the LCD of the method, the obtained value was substituted by a value of half the detection limit to 
allow data processing. These values are marked in bold. 
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F I G U R E 3.2.2.- PHYSICO-CHEMICAL FRACTIONS IDENTIFIED IN N IST -2711 
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T A B L E 3 . 2 . 3 . - C O R R E L A T I O N C O E F F I C I E N T S B E T W E E N T H E COMPOSITIONS O F T H E FRACTIONS FOUND IN T H E T E S S I E R METHOD"** AND T H E FRACTION 
COMPOSITIONS OBTAINED WITH T H E NEW METHOD. SIGNIFICANT CORRELATION MARKED IN BOLD. ( A L L E L E M E N T S INCLUDED F O R A L L FRACTIONS). 
Fraction 1 
pore-water 
Fraction 2 
Exchangeable 
Fraction 3 
Carbonate 
Fraction 4 
Fc-Mn amorp. ox. 
Fraction 5 
Fe-Mn cryst. Ox. 
Fraction 6 
Residual 
Correlation p-value Correlation p-value Correlation p-vatue Correlation p-value Correlation p-value Correlation p-vatue 
Tessier 
LMgCtj (Exchangeable) 0.06 0.851 1.00 p<0.0001 0.91 p<0.00D1 -0.11 0.730 •0.13 0.6760 •0.141 0.663 
Z.CHjCOO-Na •0.09 0.776 0.92 p<0.0001 1.00 p<D.0001 -0.07 0.839 -0.13 0.6790 -0.139 0.666 
3.Fe-Mn Oxides -0.09 0.770 0.72 0.001 0.52 0.131 0.53 0.008 0.18 0.5820 0.215 0.502 
4.0rg. matter/Sulfide -0.01 0.984 0.33 0.294 0.33 0.291 0.67 0.003 0.77 p<0.0001 0.84 0.001 
S.Residual Phase 0.17 0.593 -0.02 0.960 -0.03 0.9180 0.71 0.005 0.75 p<0.0001 0.96 p<0.0001 
.170 
T A B L E 3 .2 .4 . -CORRELATION C O E F F I C I E N T S B E T W E E N T H E COMPOSITIONS O F T H E FRACTIONS FOUND IN T H E T E S S I E R METHOD AND T H E FRACTION 
COMPOSITIONS OBTAINED WITH T H E NEW METHOD. SIGNIFICANT CORRELATIONS MARKED IN BOLD. ( S O M E E L E M E N T S REMOVED) . 
Fraction 1 
pore-water 
Fraction 2 
Exchangeable 
Fraction 3 
Carbonate 
Fraction 4 
Fe-Mn amorp. ox. 
Fraction 5 
Fc-Mn cryst. Ox. 
Fraction 6 
Residual 
Correlation p-value Con-elation p-value Correlation p-value Correlation p-value Correlation p-value Correlation p-vatue 
Tessier 
I.MgClz (Exchangeable) 0.06 0.851 1.00 p<0.0001 -0.19 0.579 -0.24 0.505 0.17 0.641 -0.14 0.663 
2.CH3C00-Na -0.09 0.776 0.15 0.665 0.91 p<0.0001 0.63 0.052 -0.14 0.703 -0.14 0.666 
3.Fe-Mn Oxides -0.09 0.770 -0.02 0.958 0.04 0.899 0.72 0.004 0.93 p<0.0001 0.22 0.502 
4.0rg. matter/Sulfide -0.01 0.984 0.03 0.929 0.10 780.000 0.47 0.170 0.52 0.123 0.84 0.001 
5.Residual Phase 0.17 0.593 0.17 0.607 -0.10 0.7670 0.14 0.697 0.77 0.001 0.96 p<o.aooi 
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3.3 E V A L U A T I O N U S I N G N R C C M E S S - 2 
3.3.1 INTRODUCTION 
NRCC MESS-2 (National Research Council Canada, Ottawa, OR. Canada) is an estuarine 
sediment material obtained from the Canadian Beaufort Sea. It has a low to moderate 
content in trace metals and has also been used in many trace metal studies in 
s e d i m e n t s I t s certified composition is shown in Table 3.3.1. 
T A B L E 3.3 .1 . -CERTIFIED COMPOSITION O F T H E N R C C - M E S S - 2 
Element CERTIFIED VALUE 
(mg kg"^ ) 
Uncertainty [%] 
Al 85746 3 
Be 2.32 5 
Cd 0.24 4 
Cu 39.3 5 
Fe 43503 5 
Mn 365 6 
Ni 49.3 4 
P 1222 11 
Pb 21.9 5 
S 1800 22 
Si 278000 4 
Sr 125 8 
V 252 4 
Zn 172 9 
3.3.1.1 Physico-chemical fractions of N R C C - M E S S - 2 obtained by following Tessier's 
procedure 
As described previously, the Tessier extraction scheme has been used widely for many soil 
and sediment studies^^'^^^'^®\ Since the new method is proposed as a fast screening 
procedure for soil and sediment characterisation, it would be useful to compare the physico-
chemical fractions identified with this method with that of the Tessier procedure. It was 
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therefore necessary to obtain Tessier data for this sample. No sequential extraction data is 
available in the literature for this reference material. Therefore the Tessier sequential 
extraction procedure as reported elsewhere^** was followed in replicate. AnalaR grade 
chemicals were used throughout the study. 
The sequential extraction conditions are summarised in Table 3.3.2. The extraction was 
carried out in 50m! polyethylene tubes that were also used for centrifugation to minimise 
possible loss of solid in the washing steps. After each extraction step, the supernatant liquid 
was separated from the solid by centrifugation at 2500 r.p.m. for 15 min. and then decanted 
into polyethylene vessels and stored at 4 X prior to analysis. The remaining residue was 
washed with 10 ml of milli-Q water, shaken for 15 min. and, after centrifugation, the 
washings were discarted. The residue was then extracted using the next extractant. Two 
blank samples were treated the same way as the sediment samples. 
T A B L E 3.3.2.- EXTRACTION CONDITIONS R E Q U I R E D IN T H E T E S S I E R SEQUENTIAL EXTRACTION 
METHOD 
step Fraction Extractant Shaking time 
and temperature 
1 Exchangeable 8 ml 1M MgCbCpH 7) 
2 Associated with cart>onates 8 ml 1M sodium acetate (pH 5) 
3 Associated with Fe-Mn 20 ml 0.04 M NH2OH HOI in 25% m/v AcOH 
oxides 
4 Associated with organic 5 ml 0.02 M HNOaSmI 30% mh H2O2 
matter + 
8 ml 30% m^ H2O2 
1 h at 25°C 
5 h at 25°C 
6 h at 96°C 
2 h at 85°C 
3 h at 95°C 
5 ml 3.2 M ammonium acetate in 20% v/v HNO3 25 min 
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3.3.2 S E Q U E N T I A L E X T R A C T I O N R E S U L T S F O R N R C C - M E S S - 2 
The Tessier extraction procedure was followed on two replicates (1.000 g) and the results 
obtained are shown in Table 3.3.3. Due to technical problems the residual fraction could not 
be analysed. An estimation was therefore calculated by substracting the sum of the value 
obtained in the other fractions from the total certified content. 
T A B L E 3.3.3.-TESSIER SEQUENTIAL EXTRACTION R E S U L T S (mg kg'') FOR T H E R E F E R E N C E 
MATERIAL NRCC MESS-2 
Exchangeable 
Fraction 
Carbonate 
Fraction 
Fe-Mn oxides 
Fraction 
Organic 
Fraction 
Residual 
(estimated) 
Al 505.51 ±252.95 14.26 ±1.49 1332.74 ±411.29 834.80 ±79.36 83058.69 
Ca 964.45 ±24.55 2728.14 ±120.32 1016.86 ±43.64 657.14 ±73.68 9333.40* 
Cd 0.07 ±0.01 0.04 ±0.01 0.18 ±0.01 0.010 ±0.001 -0.06 
Cu 0.020 ±0.001 0.26 ±0.04 10.48 ±1.51 8.18 ±1.00 20.37 
Fe 279.01 ±132.07 6.67 ±4.64 5522.30 ±44.53 477.32 ±1.65 37217.71 
K 854.91 ±55.96 342.32 ±8.02 595.54 ±102.33 82.37 ±4.25 24124.86' 
Mn 13.48 ±1.04 40.01 ±1.28 163.59 ±5.96 11.67 ±0.96 136.25 
Pb 1.16 ±0.15 0.75 ±0.52 14.67 ±2.11 1.44 ±0.16 3.87 
Sr 11.84 ±0.30 8.84 ±0.26 15.66 ±2.79 2.16 ±0.52 86.50 
V 1.26 ±0.71 0.18 ±0.01 19.09 ±3.34 4.22 ±0.78 227.25 
Zn 4.03 ±2.38 0.86 ±0.25 67.25 ±4.86 7.78 ±0.40 92.08 
'Ca and K contents where not 
close estimation. 
certified for M E S S - 2 therefore values where taken from new reference material M E S S - 3 as a 
3.3.2.1 Selection of the number of components using the rotated Eigenvalues 
Analysis of the certified sediment NRCC-MESS-2 was performed (in duplicate) applying the 
new method under optimum conditions. Data obtained from the sequential extraction 
procedure is shown in Table 3.3.4. For this marine sediment six components were found to 
have a rotated Eigenvalue greater than 0.05, and therefore six components were used to 
describe the model. A trial using 5 components was performed but the pore-water and the 
exchangeable fractions appeared to become merged as one component. (Figure 3.3.1 
shows the step change between component 6 and 7). 
108 
CHAPTER 3: EVALUATION OF THE EXTRACTION PROTOCOL USING CERTIFIED REFERENCE MATERIALS 
F I G U R E 3 . 3 . 1 . - R O T A T E D E I G E N V A L U E S OBTAINED FROM PRINCIPAL COMPONENTS A N A L Y S I S 
F O R M E S S - 2 
ro 0.3 
iS 0.1 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
factors 
3 .3 .2 .2 Physico-chemical components obtained for M E S S - 2 
Evaluation of the total solid extracted in the sequential leachates. the elemental composition 
(Figure 3.3.2) and correlation with the elemental composition of the Tessier fractions (Table 
3.3.5) allowed the tentative assignments of the components found in this study to specific 
physico-chemical phases to be made. 
Fractions 1 and 2 were found to be minor fractions, mainly consisting of Na and S (non-
extractable using the Tessier method) and so correlation with Tessier data was not 
significant. Fractions 1 and 2, being totally removed by the two initial milli-Q water 
extractions, were the most easily extracted fractions. Fraction 1 was removed by the first 
water leachate and was principally made up from S (48%), K (27%), IVIg (18%) and smaller 
amounts of Na and Ca (<4%). Fraction 2 was removed by the second water leachate and 
was made up from Na (84%) and smaller amounts of K, P. S and Si. The ease of removal of 
these fractions suggested that they could be derived from residual salts from the original 
pore-water in the sediment. 
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The third fraction (fraction 3) was identified as being the exchangeable fraction since there 
was a significant correlation with the fraction extracted by magnesium chloride in the Tessier 
scheme. It was removed by 0.01-0.05M aliquots of HNOaand was made up of Ca (49%), Mg 
(30%) and K (13%). 
The next fraction was extracted using 0.05-0.5M H N O 3 and was dominated by Ca (56%) and 
Mg (28%). The fraction was identified as being the carbonate phase (fraction 4) because 
there was a significant con-elation with the fraction extracted by sodium acetate when using 
the Tessier scheme. The percentage of lead in this fraction was found to be less than 0 . 1 % 
which Is in agreement with the known lead levels in this sediment (i.e. 250 times less than 
forNIST-2710). 
Fraction 5 presented a significant con-elation with the Fe-Mn oxides fraction extracted when 
the Tessier scheme was applied. This fraction was extracted by 0.5-1 M H N O 3 and was 
made up of Fe (42%) and Al (39%) as well as small amounts of Si, K and P. This fraction 
together with the exchangeable and carbonate fraction appeared as major components. 
The last fraction extracted was identified as being the residual fraction although significant 
correlation was also found between this phase and the organic phase obtained with the 
Tessier scheme. Fraction 6 was removed by the last two leachates (5M HNO3) and was 
made up of Al (62%) and Fe (21%). 
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T A B L E 3 .3 .4 . -DATA OBTAINED F O R T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM M E S S - 2 
Extractont Al Ba C a C d Cu Fe K Mg Mn Na P Pb S SI Sr Tl V Zn 
1 Dl HjO 2.85 8.25 1526.43 0.044 0.572 2.84 677.70 1061.85 21.00 100.55 7.70 0.16 795,67 50,01 1.49 0.06 6.95 10.24 
2 Dl H2O 13.10 0.89 34.08 0.012 0.870 9.71 85.23 51.16 0.22 774.00 19.46 0.21 118.16 29.36 0.04 0.06 0.90 1.20 
3 0.01 M HNO3 11.61 3.88 361.86 0.012 0.208 14.09 193.64 297.21 3.58 373.55 5.15 0.02 9.56 53.58 0.27 0.06 0.15 2.67 
4 0.01 M HNO3 2.61 4.75 589.97 0.012 0.146 12.95 138.48 373.65 7.98 73.75 8.05 0.02 4.89 26.28 0.33 0.06 0.09 4.06 
5 0.05 M HNO3 67.94 23.75 1952.65 0.040 1.388 144.98 174.46 999.88 27.00 36.45 65.23 0.53 11.71 47.18 0.76 0.06 0.91 11.52 
6 0.05 M HNO3 45.85 15.91 1596.37 0.016 1.011 127.40 109.45 892.09 16.05 24.95 40.82 0.39 5.74 49.74 0.43 0.06 0.59 6.10 
7 0.1 M HNO3 116.78 21.71 1808.19 0.030 1.667 276.43 104.31 956.37 19.50 18.25 75.89 0.99 8.81 67.14 0.45 0.06 1.26 7.14 
8 0.1 M HNO3 199.80 27.60 2467.91 0.046 2.582 433.69 133.96 1295.61 27.75 17.50 110.47 1.56 14.53 102.57 0.53 0.06 2.37 
8.93 
g 0.5 M HNO3 547.43 59.18 3105.16 0.049 4.752 1860.66 227.58 1737.29 36.80 69.65 428.19 5.60 27.51 252.33 0.53 0.16 5.35 26.60 
10 0.5 M HNO3 586.43 27.81 651.64 0.015 1.826 1289.17 103.35 417.18 13.20 19.25 170.72 1.83 10.49 230.13 0.14 0.10 2.26 11.92 
11 1 M HNO3 1861.19 36.02 78.12 0.014 1.402 1792.63 112.64 174.39 14.50 30.70 158.83 1.04 5.45 349.85 0.08 0.12 2.28 24.39 
12 1 M HNO3 554.40 10.05 5.48 0.016 0.413 365.99 54.31 32.22 2.77 5.25 64.04 0.26 0.67 153.94 0.02 0.12 0.38 
3.62 
13 5 M HNOa 1219.23 5.96 3.07 0.016 0.288 718.18 125.42 85.49 5.35 87.10 81.30 0.29 52.70 148.15 0.00 0.84 0.76 6.26 
14 5 M HNO3 1589.63 16.60 7.22 0.015 1.057 890.30 158.65 85.86 5.97 52.05 131.64 0.51 30.94 379.65 0.03 0.91 0.87 11.16 
1 Dl H2O 1.49 8.93 230.44 0.013 0.660 0.87 477.04 418.66 0.72 210.70 2.98 0.11 763.33 13.66 0.38 0.06 6.85 
0.14 
2 Dl HaO 7.27 2.67 145.32 0.012 0.464 7.29 122.01 103.40 1.22 881.00 8.13 0.02 115.61 36.05 0.10 0.06 
0.84 0.22 
3 0.01 M HNOa 5.46 6.67 456.61 0.015 0.219 16.71 126.23 263.04 8.60 114.05 18.37 0.02 8.70 21.67 0.25 0.06 0.19 
3.13 
4 0.01 M HNO3 7.20 5.14 544.38 0.013 0.368 16.68 100.25 317.31 8.25 35.55 12.79 0.02 5.07 21.26 0.25 0.06 0.15 7.47 
5 0.05 M HNO3 41.58 15.13 1175.02 0.026 1.048 100.06 106.66 604.89 18.70 14.55 35.63 0.39 6.14 25.00 0.44 0.06 0.75 8.41 
6 0.05 M HNO3 28.65 10.08 1126.29 0.012 0.644 77.11 68.04 640.30 12.05 11.25 19.09 0.29 4.09 27,79 0.32 0.06 0.42 
4.66 
7 0.1 M HNO3 52.76 12.40 1228.99 0.014 0.916 134.44 60.03 662.86 14.15 8.75 33.00 0.48 5.18 33.93 0.30 0.06 0.66 4.76 
8 0.1 M HNO3 61.72 11.87 1089.57 0.016 1.003 148.44 53.56 581.89 13.70 6.85 39.52 0.58 2.96 33.46 0.22 0.06 0.71 4.50 
9 0.5 M HNO3 595.61 50.41 4147.73 0.073 5.963 1715.41 218.31 2340.95 52.80 29.60 393.59 6.20 23.92 239.56 0.74 0.11 7.00 19.38 
10 0.5 M HNO3 743.11 36.74 1287.10 0.026 3.199 1974.53 145.47 842.15 24.20 18.10 317.11 3.64 14.41 340.24 0.20 0.14 4.85 12.39 
11 1 M HNO3 1557.63 27.92 211.79 0.020 1.475 1811.50 90.01 249.53 22.40 20.10 160.22 1.56 9.36 353.42 0.10 0.08 3.19 13.75 
12 1 M HNO3 526.55 10.14 15.58 0.015 0.469 493.05 41.94 42.80 4.74 4.01 65.07 0.36 3.74 145.44 0.02 0.08 
0.54 2.91 
13 5 M HNO3 1436.45 16.02 9.07 0.015 1.583 979.15 108.17 85.66 8.33 51.41 127.68 0.58 27.15 296.07 0.02 0.81 1.00 7.25 
14 5 M HNO3 1031.88 4.97 3.04 0.012 0.771 766.00 92.52 86.65 6.25 53.25 71.73 0.31 65.19 66.77 0.03 0.75 0.87 5.11 
"Where the concentration of a particular element was found to be less than the LCD of the method, the obtained value was substituted by a value of half the detection limit to 
allow data processing. These values are marked in bold. 
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F I G U R E 3 .3 .2 . -PHYSICO-CHEMICAL FRACTIONS IDENTIFIED IN M E S S - 2 
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T A B L E 3 . 3 . 5 . - C O R R E L A T I O N C O E F F I C I E N T S B E T W E E N T H E COMPOSITIONS O F T H E FRACTIONS FOUND BY T H E T E S S I E R METHOD AND COMPONENT 
COMPOSITIONS OBTAINED WITH T H E NEW METHOD F O R M E S S - 2 . SIGNIFICANT CORRELATION MARKED IN BOLD. 
Fraction 1 
Pore-water I 
Fraction 2 
Pore-water II 
Fraction 3 
Exchangeable 
Fraction 4 
Carbonate 
Fraction 5 
Fc-Mn ox. 
Fraction 6 
Residual/Organic 
Correlation p-value Correlation p-value Correlation p-value Correlation p-value Correlation p-value Correlation p-vatue 
Tessier 
I.MgClz (Exchangeable) 0.35 0.297 0.23 0.488 0.87 p<0.0001 0.71 0.002 0.30 0.362 0.36 0.278 
2.CH3C00-Na 0.16 0.643 0.02 0.952 0.69 0.006 0.97 p<0.0001 -0.17 0.822 -0.15 0.666 
3.Fe-Mn Oxides -0.04 0.913 -0.04 0.897 0.04 0.917 0.24 0.484 0.86 0.002 0.43 0.191 
4.0rg. matter/Sulflde -0.05 0.884 -0.12 0.727 0.50 0.120 0.56 0.074 0.73 0.011 0.77 0.005 
5.Residual Phase 0.12 0.730 0.12 0.715 0.01 0.968 0.03 0.993 0.82 0.006 0.97 p<0.0001 
(osttmatod) 
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3 . 4 E V A L U A T I O N U S I N G A S E D I M E N T S A M P L E F R O M T H E R I V E R C A R N O N 
3.4.1 E X P E R I M E N T A L 
A real sediment sample from the River Camon (Comwall, UK) was also evaluated. The 
sample from the Carnon valley was collected from the Restronguet Creek area (Figure 3.4.1) 
where the Carnon River ends. This area was once a fully industralised. having a railway line 
to the mines, an extensive waterfront and boatyards with ships and barges coming and 
going within the creek. It was an important shipping point for the importation of coals and 
iron, for the mines, and for the exportation of copper and other ores. In 1991 thousands of 
gallons of heavily polluted water overflowed into the Camon River from the dis-used Wheal 
Jane mine in the Camon area^®^. The collected sample was therefore likely to have high 
levels of metallic contaminants. After collection, the sample was freeze-dried (to prevent loss 
of volatile analytes) and then sieved to remove larger stones, ground using a pestle and 
mortar, and then the fraction that passed through a 125 pm mesh was collected for the 
analysis. 
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F I G U R E 3.4.1.-MAP OF T H E CARNON RIVER A R E A (CORNWALL, U K ) 183 
W h e a l J a n e m i n e 
rran-A t 
11* 
0 miles 
Picture courtesy of Multimap at http://wvvw.multimap.com 
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3.4.1.1 Hydrofluoric, nitric and perchloric acid digestion for the River Carnon sediment 
sample. 
Since the total concentration of the analytes in the River Camon sample were unknown, it 
was necessary to perform a total acid digestion^^ to obtain data to facilitate a mass balance 
calculation. Hydrofluoric acid (40%), nitric acid (68%) and perchloric acid (60%) (All AnalaR 
grade, BDH, Poole, Dorset, UK) were used. 
Procedure 
The digestion procedure was carried out over a six day period. 
Day 1; 
0.25 g of sample was weighed accurately into clean, dry and numbered PTFE (Poly-tetra-
fluoro-ethylene) bombs. As part of the procedure a reference material NRCC-MESS-3 was 
digested and two beakers were left empty for blank determinations. 
Concentrated nitric acid (6 ml) was added to each bombs and the solutions were heated to 
be between 70 and 80°C on a hot plate for 4h. Perchloric acid (1ml) was added to each 
bomb which were then closed to prevent evaporation and left overnight at 70-80°C. 
Day 2: 
Hydrofluoric acid (10ml) was added to each bomb and these were kept closed on a hotplate 
at a maximum temperature of 100°C for 2 days. 
Day 4: 
The PTFE bombs were opened and the tops were left loosely fitted for 2 further days so that 
the acids could evaporate. The temperature was kept between 70 and 80°C. 
Day 6: 
Hydrochloric acid (6 ml) was added to each bomb and these were then left on a hotplate for 
30 min. at 75-80'*C. At this point 10 ml of HNO3 (2%) was added to each sample, which were 
then transferred to 50 ml volumetric flasks and made up to final volume with HNO3 (2%). 
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An estimation of silicon is not possible using this digestion procedure because of losses to 
the atmosphere as silicon tetrafluoride. The acid extracts were analysed for trace metal 
contents using either ICP-AES or ICP-MS 
3.4.2 S E Q U E N T I A L E X T R A C T I O N R E S U L T S F O R T H E C A R N O N S E D I M E N T S A M P L E 
Two replicates of this real sediment sample, collected from a polluted area, were analysed. 
Data obtained from the sequential leachates is shown in Table 3.4.1. As described 
previously in Chapter 2, chemometric processing of the data obtained from the atomic 
spectrometric analysis of the sequential extracts may be used to identify the physico-
chemical composition of the sediment. 
3.4.2.1 Selection of the number of components using the rotated Eigenvalues 
In this case the Eigenvalues obtained for the PCA model show that there are six 
components with rotated Eigenvalues greater than (0.025) and therefore six components 
were used to describe the model. If five components were chosen (Eigenvalues greater than 
0.05) the iron oxides fractions would become merged as one component. 
F I G U R E 3 . 4 . 2 . - R O T A T E D E I G E N V A L U E S OBTAINED FROM PRINCIPAL COMPONENTS A N A L Y S I S 
F O R T H E R I V E R C A R N O N S A M P L E 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
factors 
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3.4.2.2 Physico-chemical components obtained for the River Carnon sediment 
The first and most easily extracted fraction (fraction 1) was totally removed by the initial Milli-
Q water extraction. This fraction was principally made up from Na (56%) and S (19 % ) and 
small amounts of Ca. Mg and K. Fraction 1 was therefore identified as being the pore-water 
fraction in the sediment. 
The second fraction presented a diffuse extraction window, extracted mainly with 0.01-0.05M 
HNO3 and was dominated by Ca (41%), S (24%) and Na (17%). This fraction was found to 
be a minor component and identified as being the easily exchangeable fraction. 
The third fraction (fraction 3) was removed using 0.05-1 M HNO3 and consisted mainly of Al 
(29%), Zn (26%). Ca (24%). Cu (14%) and Mg (13%). This fraction was identified as being 
the cariDonate phase and would typically be extracted by sodium acetate when following 
Tessier's scheme. The sample under study did not contain high levels of Pb. v^ ich would 
normally be expected to appear in this fraction. 
Fraction 4 was a minor fraction extracted with 0.1-0.5 M HNO3 and was made up of Fe 
(34%), Na (18%) and S (25%). This was identified as being the organic/sulfides fraction. 
The next fraction extracted (Fraction 5) was removed by 0.5-1 M HNO3 and was made up of 
Fe (57%) and smaller amounts of Al (16%) and Si (12%). The last fraction obtained (Fraction 
6) was removed by 1-5M HNO3 and was also made up of Fe (68%). Al (18%) and small 
amounts of P, S and Si. Thus fraction 5 which was the more easily dissolved was identified 
as being the amorphous iron oxide fraction and fraction 6 which was extracted with the 
higher acid concentration as being the crystalline iron oxide fraction. 
The amount of solid extracted for each fraction and the elemental composition for each 
fraction are shown Figure 3.4,3. 
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T A B L E 3.4.1 . -DATA OBTAINED (mg kg" )^ F O R T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM T H E R I V E R C A R N O N S A M P L E . 
Extractant Al Ba C a Cd Cu F c K Mg Mn Na P Pb S SI Sr Ti V Zn 
1 Dl H2O 0.27 0.38 2873.39 1.21 11.22 0.58 836.43 2263.19 6.20 10341.92 2.75 0.90 3759.68 5.94 29.66 0.06 0.11 
54.04 
2 Dl H2O 0.27 0.38 468.73 0.69 4.04 0.58 94.83 179.49 0.79 765.74 1.05 0.90 729.01 1.54 3.48 0.06 0.10 
3.54 
3 0.01 M HN03 11.77 2.60 1577.11 0.89 32.23 0.58 92.56 458.78 6.50 65.99 1.40 1.65 134.57 27.82 11.48 0.06 
0.14 212.55 
4 0.01 M HNOa 89.35 1.86 1263.61 1.00 129.51 16.83 89.52 367.55 7.82 0.18 8.36 0.90 62.71 34.78 9.27 0.06 0.09 361.96 
5 0.05 M HNO3 675.46 4.20 2070.35 1.44 625.75 334.63 130.28 625.52 16.74 0.16 75.82 19.51 38.73 121.72 15.07 0.06 
1.54 1113.43 
6 0.05 M HNO3 673.93 1.33 794.28 0.92 347.65 488.77 57.75 505.43 8.86 0.18 41.16 23.34 8.52 148.59 4.29 0.06 1.65 
574.35 
7 0.1 M HNOa 520.76 0.38 306.07 0.73 154.99 696.13 24.90 240.26 3.85 0.18 33.10 22.13 8.43 146.94 1.21 0.17 2.14 238.81 
8 0.1 M HNO3 616.00 2.07 372.29 0.84 93.24 554.76 25.55 198.43 4.85 0.18 15.85 11.11 2.67 232.53 0.93 0.08 1.10 225.58 
9 0.5 M HNO3 413.73 0.38 184.64 0.79 74.45 1662.32 27.76 61.82 2.07 0.18 90.24 31.69 47.81 190.53 0.53 0.82 3.73 
83.63 
10 0.5 M HNO3 608.11 0.38 227.63 0.88 56.70 2411.36 26.19 63.19 3.70 4.65 119.69 18.87 40.66 337.67 0.71 1.21 7.00 
107.19 
11 1 M HNO3 492.25 0.38 178.87 0.97 28.54 2171.67 25.91 59.56 3.00 0.18 117.99 13.08 47.75 232.81 0.55 1.62 5.35 65.34 
12 1 M HNOa 522.32 0.98 197.74 0.88 22.73 2316.84 25.29 56.74 3.29 7.39 126.08 9.21 53.06 199.90 0.60 1.82 5.36 
56.76 
13 5 M HNOa 871.04 4.89 258.81 0.79 25.31 2338.10 34.53 63.76 3.87 18.26 157.80 8.85 162.50 159.43 0.71 2.50 4.95 
53.49 
14 5 M HNO3 1309.66 10.02 444.00 0.90 66.53 4311.96 89.02 154.64 10.21 11.32 240.82 10.91 1205.14 127.95 1.18 7.55 6.93 
133.94 
1 Dl H2O 0.27 2.35 3278.48 1.16 11.28 0.58 816.96 2195.24 6.35 10161.03 2.11 0.90 3898.40 5.98 31.31 0.06 0.09 46.35 
2 Dl H2O 0.27 0.38 486.93 0.70 3.92 0.58 120.38 250.30 0.92 1262.36 1.05 0.90 778,18 1.57 4.36 0.06 
0.09 3.61 
3 0.01 M HNOa 45.39 4.16 1108.53 0.83 75.20 3.48 89.76 366.43 5.24 147.83 4,50 0.90 136,91 23.26 8.69 0.06 
0.09 237.51 
4 0.01 M HNO3 57.25 0.84 938.69 1.02 67.14 14.07 68.43 351.56 5.20 22.48 2.35 1.74 65.19 25.02 6.88 0.06 0.23 
189.36 
5 0.05 M HNO3 408.13 1.36 1697.81 1.47 408.78 224.17 97.66 506.86 13.25 0.18 44.59 15.21 29.21 80.36 12.76 0.06 0.92 
798.93 
6 0.05 M HNOa 675,15 1.30 1317.87 1.33 471.86 402.34 87.50 591.24 13.30 0.18 51,09 18.82 14.66 143.60 
9.07 0.06 1.49 857,24 
7 0.1 M HNO3 526.78 0.38 366.48 0.94 214.05 536.82 34.70 329.41 4.85 5.12 32.41 23.27 6.57 116.59 1.75 0.10 1,49 311.38 
6 0.1 M HNO3 712.39 2.28 378.63 0.81 130.12 858.38 35.03 274.44 5.69 0.18 27.91 19.72 5.69 241.68 1.07 0.16 
1.68 299.37 
9 0.5 M HNO3 481.01 0.38 186.65 0.83 81.49 1622.46 24.84 78.76 2.37 0.18 92.65 27.16 40.05 210.19 0.60 0.83 3.80 105.36 
10 0.5 M HNO3 698.58 0.86 247.91 0.66 67.09 2561.04 28.52 102.96 4.18 6.75 128.60 20.52 35.98 381.33 0.78 1.27 7,45 134,22 
11 1 M HNO3 564.90 0.89 200.78 0.48 32.49 2408.09 31.47 71.06 3.37 4.12 142.50 15.12 59.01 265.56 0.62 
1.97 5.92 78.07 
12 1 M HNO3 580.10 0.77 214.44 0.95 25.39 2590.19 30.51 65.39 3.69 4.66 143.32 10.86 53.13 223.12 0.67 2.25 
6.11 65.74 
13 5 M HNO3 852.57 4.84 339.85 0.79 31.48 3016.03 46.51 81.94 4.88 16.43 212.10 6.72 209.11 215.86 0.90 3.82 8.12 68.54 
14 5 M HNO3 1338.64 10.83 477.36 1.06 65.26 4057.90 83.79 160.54 10.39 19.99 205.94 10.22 1223.62 100.53 1.19 
6.87 6.29 135.84 
•Where the concentration of a 
allow data processing. Values 
particular element was found 
are marked in bold. 
to be less than the LOD of the method, the obtained value was substituted by a value of half the detection limit to 
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F I G U R E 3 .4 .3. -PHYSICO-CHEMICAL FRACTIONS FOUND FOR THE R I V E R CARNON SAMPLE 
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3.4.2.3 Results from the hydrofluoric, nitric and perchloric acid digestion for the River 
Carnon sediment sample 
Total digestion of the sample was performed according to the procedure described in section 
3.4.1.1 and the values obtained from atomic spectroscopic analysis are shown in Table 
3.4.2. From the results obtained it was confirmed that the sample was not rich in Pb. 
However high contents of Cu and 2n were found. Aluminium, Ca and Fe values were very 
similar to reference material Mess-3. The Mn content was low and therefore the manganese 
contents in the iron oxides fractions would not be detected. This data is used in a 
comparison between total metal levels and the results found by the new extraction protocol 
later in this chapter. 
T A B L E 3.4.2.- V A L U E S OBTAINED (mg kg-^) FROM T H E ANALYSIS O F T H E TOTAL ACID DIGESTION 
O F T H E R I V E R C A R N O N S A M P L E AND R E F E R E N C E MATERIAL N R C C M E S S - 3 
River Carnon NRCC MESS-3 NRCC MESS-3 
Certified values 
Al 89334 ± 512 86327 ± 415 85900 ± 2577 
Ba 250 ± 13 1010 ± 11 n.a.' 
Ca 11721 ± 79 14637 ± 45 14700 ±588 
Cd 1.27 ± 0.30 0.25 ± 0.03 0.24 ± 0.01 
Cu 1761 ± 12 33.7 ± 0.4 33.9 ± 1.70 
Fe 37799 ± 79 43830 ± 510 43400 ±1302 
K 43675 ± 311 24161 ± 2891 26000 n.c." 
Mg 10246 ± 125 16237 ± 361 16000 n.c.** 
Mn 278 + 11 326 ± 8 324 ± 13 
Na 18787 ± 76 16070 ± 87 16000 n.c.** 
Pb 106 ± 2 21 ± 1 21.1 ±0.63 
Sr 111 + 3 121 ± 2 129.0 ±12 
Ti 3081 ± 19 4236 ± 51 4400 ±616 
V 141 + 7 237 ± 5 243 ± 9.72 
Zn 2509 ± 6 156 ± 3 159 ±7.95 
(') not analysed: (") not certified 
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3 . 5 T E S T O F R E P R O D U C I B I L I T Y U S I N G T H E R I V E R C A R N O N S E D I M E N T 
S A M P L E 
As the new method involves measurement of many elements at different concentrations, it is 
important to ensure that reliable data is always obtained so that it can be used in further 
chemometric calculations. 
A Thompson-Howarth (T-H) chart is a simple graphical method that allows an assessment of 
the precision from a number of replicate analyses to be made^^'*-^^. 
The Thompson-Howarth chart'®^ 
The T-H chart aims to compare the closeness of duplicated analysis with a specification 
prescribed by a predetermined fitness for purpose criterion^®®. 
Data points are placed on the T-H graph by plotting the absolute difference between 
duplicate values (d) against their mean value. The functions defining the bounds for the 
absolute value of d are then plotted as control limit lines on the same graph. These functions 
are obtained assuming a normal distribution and taking into account the effect of the 
concentration of the analyte on the repeatability standard deviation^^. Half of the absolute 
differences would be expected to fall above the 50'^ percentile control line, given by: 
P5o= 0 . 9 5 4 ^ C L / 3 + S C ; ; 
The functions describing the control lines for the 9 5 and 9 9 percentage of the absolute 
differences are given by; 
P95= 2.772 (CL/3+Bc); 
PB9= 3.643 (CL/3+Bc) 
where Cu is the repeatability detection limit, c is the concentration of the analyte and S, the 
"asymptotic RSD", is the relative standard deviation to which the results tend at high 
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concentrations of analyte (c » CL). In this case C L and B are pre-defined by user 
requirements. 
For the River Carnon sample, data was obtained from three independent subsamples (in 
duplicate). The absolute differences between duplicate measurements were calculated and 
plotted against the mean value. 84 sequential leachates were analysed for the 18 elements 
and 42 data points were obtained for each element. Therefore a total of 756 data points 
were plotted (Figure 3.5.1). 
Since C L was different for each element, the 18 elements were divided in to two groups: 
• C L ^ O . 5 mg kg"^ (Figure 3.5.2) 
• C L ^ 1 mg kg"^ (Figure 3.5.3) 
and B was given a fixed value of 0.08 (which means an RSD of 8%). 
Since concentration ranges were spread over several orders of magnitude logarithmic axes 
were used to facilitate plotting of the data. 
Study of the Thompson-Howarth plots for the 18 elements confirmed that for a required RSD 
of 8%. the results were satisfactory for most of the elements. The 50* percentile line more or 
less bisects the group of data points and just a few points fall above the 95^ percentile line. 
Some data points for Na and P were found to fall above the 99**^  percentile line especially at 
low concentrations. The T-H graph was then plotted for an RSD of 15%. Half of the data 
points were then found to fall below the 50*^ percentile line and only three out of the 84 data 
points were found to fall above the 99 * percentile line (Figure 3.5.4). The data was therefore 
found to be consistent with a system performing in line with the FFP criterion B=0.08 for 16 
elements and 8=0.15 for Na and P. 
123 
CHAPTER 3: EVALUATION OF THE EXTRACTION PROTOCOL USING CERTIFIED REFERENCE MATERIALS 
F I G U R E 3.5.1.- P L O T O F A B S O L U T E D I F F E R E N C E S AGAINST MEAN V A L U E F O R 3 S E T S O F DUPLICATE A N A L Y S E S O F SEQUENTIAL E X T R A C T S FROM T H E 
R I V E R CARNON SAMPLE ( D I F F E R E N C E S C A L C U L A T E F O R EXPERIMENTS WITHIN THE SAME BATCH) 
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F I G U R E 3 .5 .2 . -THOMPSON-HOWARTH CHART FOR E L E M E N T S WITH C L - 0.5 mg kg"^ ( R S D 8%) 
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F I G U R E 3.5.3.- THOMPSON-HOWARTH CHART FOR E L E M E N T S WITH C L ^ 1 mg kg'^ ( R S D 8%) 
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F I G U R E 3.5.4.- THOMPSON-HOWARTH PLOT FOR Na AND P DATA USING AN R S D OF 15% 
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Absolute differences for results obtained from different replicate analysis were also 
calculated and plotted to study the precision between batch expehments (Figure 3.5.5 and 
3.5.6). In this case B was given a fixed value of 0.15 for those elements with C L - 0.5 mg kg^ 
(RSD 15%) and 0.20 for the rest of the elements with C L - 1 mg kg^ (RSD 20%). The data 
from different replicate analysis was therefore found to be consistent with a system 
performing in line with the FFP criterion 8=0.75 or 0.20 depending on the c^. 
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F I G U R E 3.5.5.-THOMPSON-HOWARTH PLOT FOR E L E M E N T S WITH C L ~ 0.5 mg kg"^ USING AN R S D 
O F 15% ( D I F F E R E N C E S C A L C U L A T E D B E T W E E N BATCH) 
10000 
1000 
a, 100 
9 10 
I 1 
o 
< 0.1 
0.01 
0.001 
0.0001 
0.01 0.1 1 10 100 
Mean result 
1000 10000 
F I G U R E 3.5.6.-THOMPSON-HOWARTH PLOT FOR E L E M E N T S WITH C L * 1 mg kg'^ USING AN R S D 
O F 20% ( D I F F E R E N C E S C A L C U L A T E D B E T W E E N BATCH) 
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3.6 D E T A I L E D C O M P A R I S O N O F T H E F O U R M A T E R I A L S U S E D I N T H I S S T U D Y 
As an example of how the method could be used as a characterisation tool for geochemical 
samples, differences found in the elemental composition of four samples were studied. Table 
3.6.1 shows the metal contents for the reference materials and the sediment sample used in 
this study. It is important to note that some elements such as Cu, Zn and Pb have a very 
large concentration range depending on the sample. Others including Ca, Fe, Mg and Mn 
are present at moderate/high levels in all materials. These differences in total contents 
would be expected to lead to differences in terms of bioavailability. The bioavailability can, 
however, be predicted from the analysis of the materials using the new sequential extraction 
method (Table 3.6.2). 
T A B L E 3 . 6 . 1 T O T A L T R A C E METAL CONTENTS F O R T H E F O U R S A M P L E S A N A L Y S E D (mg kg* )^ 
NIST-2710 NIST-2711 MESS-2 RIVER CARNON 
Al 64400 65300 85746 89334 
Ba 707 726 n.a. 250 
Ca 12500 28800 14000* 11721 
Cd 21.8 41.7 0.24 1.27 
Cu 2950 114 39.3 1761 
Fe 33800 28900 43503 37799 
K 21100 24500 26000* 43675 
Mg 8530 10500 16000' 10246 
Mn 10100 638 365 278 
Na 11400 11400 16000' 18787 
P 1060 860 1222 n.a. 
Pb 5532 1162 21.9 106 
S 2400 420 1800 n.a. 
Si 289700 304400 278000 n.a. 
Sr 240* 245.3 125 I l l 
Ti 2830 3060 4400* 3081 
V 76.6 81.6 252 141 
Zn 6952 350.4 172 2509 
(*) values from NRCC-MESS-3 
(**) n.a.=not analysed 
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T A B L E 3 .6 .2 . - D I F F E R E N C E S B E T W E E N S A M P L E S A N A L Y S E D 
NIST-2710 NIST-2711 M E S S - 2 R I V E R C A R N O N 
Ca 1 1 % a n d 4 % C a in 2 major fractions made up 55% C a in carbonate fraction 47% C a in carbonate 
cartx)nate fractions mainly of C a (>85%) were 49% C a in exchangeable fraction. 33% C a in 
37% C a in exchangeable identified: exchangeable and fraction exchar^eable fraction 
fraction carbonate 
Cu 28% and 8% Cu in <0.2% of C u in carbonate <0.06% of C u in carbonate 14% C u in carbonate 
carbonate fractions fraction fraction fraction 
Fe Fe oxide amorphous Fe oxide amorphous Fe oxide amorphous fraction Fe oxide amorphous 
fraction was a minor fraction was a minor was a major component fraction was also a 
component (14% solid component (9% solid (28% solid extracted) major compK)nent 
extracted) extracted) (17% of total solid 
extracted) 
Mg 8% in exchangeable fraction 7% Mg in exchangeable 28% Mg in carbonate 16% Mg in carbonate 
(major component) frac^on (major component). fraction (major component) fraction (major 
component) 
Mn 18% Mn in Fe-Mn oxides 2% Mn in exchangeable Less than 1% in alt fractions Less than 1% in all 
fraction and also 8% Mn in fraction and 2% in carbonate fractions 
exchangeable fraction fraction 
Pb 57% Pb in lead carbonate 3% Pb in carbonate fraction Less than 1% in all fractions 1% Pb in residual 
phase (major fraction) (major component) 
16% Pb in amorphous 
oxides fraction (minor 
component) 
phase (minor fraction) 
Zn 18% in mixed carbonate Less than 1% in all fractions Less than 0.5% in all 19% in carbonate 
fraction and 16% in fractions fraction 
exchangeable fraction 
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3 . 7 C O N C L U S I O N S 
The new sequential extraction method has proved effective in providing important 
infomnation in terms of the physico-chemical fractions for two reference materials and a real 
sample. Using the reference materials, correlation has also been found between physico-
chemical phases obtained with the new method and those found employing the Tessier 
method. Tentative assignments to identify the fractions have been made. Both certified 
reference materials and the River Carnon sample have 6 components that may readily be 
correlated and identified with Tessier fractions. It is important to emphasise that this 
sequential extraction protocol takes only a few hours and although total metal extraction is 
not achieved, the results obtained con-elated well with Tessier fractions. Since Tessier 
method may take a few days to complete the new method cleariy offers great potential as a 
method for sample characterisation. 
In order to test the quality of the data, the repeatability of the method has been assessed for 
three independent subsamples (in duplicate) of the River Carnon sample. The Thompson-
Howarth duplicate chart has been applied and results of the method proved to be compatible 
with the fitness-for-purpose criterion (i.e. 8% RSD for 16 elements and 15% for Na and P for 
within batch experiments and RSD 15-20% for between batch experiments). 
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CHAPTER 4: STUDY OF SELECTED MINERALS COMMONLY FOUND IN SOILS AND SEDIMENTS 
4.1 I N T R O D U C T I O N 
Generally, soil is composed of a mixture of carbonates, clay minerals, hydrous oxides of Fe, 
Mn and Al, sands, silt and organic matter^. A selection of minerals commonly found in rocks 
and subsequently in soils and sediments have been analysed with the new method and the 
results are reported in this Chapter. The major objective in this study was to Identify, in each 
case, the major components describing the mineral. 
The minerals chosen for the study were: calcite, dolomite, albite, chlorite, kaolinite. 
muscovite and gibbsite. 
• Calcite and dolomite; calcite is a calcium carbonate whereas dolomite is a calcium 
magnesium carbonate. Both are commonly found in sediments. Calcite can form rocks of 
considerable mass and constitutes a significant part of all rock ctassiflcation types, 
therefore it is likely to find carbonates in most soils and sediments. Calcite always 
effervesce when even cold weak acids are placed on a sample and so a reaction 
between calcite and the nitric acid used in the sequential extraction protocol is expected. 
The equilibrium reactions in acid media for all of the minerals selected are presented in 
Table 4 .1 .1 . In the case of calcite, the effervescence is due to the production of carbon 
dioxide gas (CO2) which is given off as bubbles. The calcium dissolves in the residual 
water which is also formed. Dolomite is less common than calcite and effervesces less 
readily whit acid. The same reaction Is expected and Ca and Mg would dissolve in the 
residual water. 
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Albite (sodium aluminum silicate) belongs to the group of plagioclases and occurs in 
metamorphic and igneous rocks. Albite in acidic water will form kaolinite, silica and 
sodium cations. 
Chlorite (iron aluminum magnesium silicate hydroxide) is often found as an alteration 
product (ferromagnesian minerals) and In low grade metamorphosed rocks. During the 
sequential extraction process with chlorite, the main constituents of the octahedral 
sheets, i.e. Mg^*, Fe^\ Fe^* and AP*. are expected to be released into the aqueous 
solution^®^. Also some Ca^* and are expected to be released^. 
Kaolinite (aluminum silicate hydroxides) Is a common phyllosilicate clay mineral. When 
acid is added to kaolinite, silicic acid (in equilibrium with silica) and Al^^ are released. 
Muscovite (potassium aluminum silicate hydroxide fluoride) belongs to the micas group. 
It is a common rock forming mineral and is found in igneous, metamorphic and detrital 
sedimentary rocks. As It can be seen in Table 4.1.1, muscovite would release K*. AP* 
and silicic acid (in equilibrium with silica). 
Gibbsite (aluminum hydroxide): it is the most common of the AI hydroxides and the only 
one that occurs often in soils. It is the most stable aluminum based mineral. In acid 
media gibbsite would release some AP* that would become extractable. 
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T A B L E 4 .1 .1 . - EQUILIBRIUM REACTIONS IN ACID MEDIA F O R T H E MINERALS 20 
Mineral' Formula Equilibrium reaction at 25 C 
Caldte CaCOa CaCOa + 2H* <-> Ca^* + H2O + CO2 (g) 
Dolomite CaMg(C03)2 CaMg(C03)2 + 4H* <-> Ca^* + Mg '^* + 2H2O + 2CO2 (g) 
Albite NaAISiaOe 2NaAISi308 + 2H* + H2O ^ Al2Si205(OH)4 + 4Si02 + 2Na' 
feldspar + add water kaolinile + silica + sodium 
Al2Si205(OH)4 + 6H* ^ 2 Al^* + 2 H 4 S i 0 4 - + HjO 
H4Si04<->Si02 +2H2O 
Chlorite (Ca.Na.K) Example for a general formula: 
(Mg.Fe.AI)9 
(Si.AI)802o 
(OH)10n(H2O) 
(Ca.Na.K) (Mg.Fe. Al)9 (Si, Al)8 O20 (OH)10 n (H2O) + H* <^ 
C a ' * , Na*. K*. Mg'*. Fe^*. Fe^*. Ai^* and H4Si04" 
Kaolinite Al2Si205(OH)4 Al2Si205(OH)4 + 6H* ^ 2 Al^* + 2 HAS\OA* + H2O 
Muscovite KAl2(Si3AI)Oio 
(0H)2 
KAl2(Si3AIO,o)(OH)2+ 10H* K* + 3A1^*+ 3H4Si04" 
Gibbsite A I (0H)3 AI (OH)3+ 3H* Al^* + 3H2O 
(*) Further geological information is supplied in the Appendix 
( " ) H 4 S i 0 4 4 ^ S i 0 2 +2H2O 
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4 . 2 E X P E R I M E N T A L 
4.2.1 S E Q U E N T I A L E X T R A C T I O N P R O C E D U R E AND A N A L Y S I S O F E X T R A C T S U S I N G I C P -
A E S / M S 
The operating conditions for ICP-AES/MS used in this study have been summarised 
previously in Tables 2.2.1 and 2.2.2 in Chapter 2. The sequential extraction procedure was 
also performed as described in Chapter 2 for each of the selected minerals. In this case, 
sequential leachates were spiked with hydrogen peroxide to aid a better destruction of 
organic matter and dissolution of iron and manganese oxides. The order of the sequential 
leachates was then as follows: 
Leachates 1 and 2: Milli-Q water 
Leachates 3 and 4: 0.01 M H N O 3 
Leachates 5 and 6: 0.05 M H N O 3 
Leachates 7 and 8: 0.1 M HNO3 and 0.25ml of H2O2 to 10 ml 
Leachates 9 and 10: 0.5 M HNO3 and 0.5ml of H2O2 to 10 ml 
Leachates 11 and 12: 1 M HNO3 and 0.75ml of H202to 10 ml 
Leachates 13 and 14: 5 M HNO3 and 1ml of H2O2 to 10 ml 
4.2.2 T E S T M A T E R I A L S 
Mineral samples were provided by the British Geological Survey. Nottingham. Details of the 
Identity and formula are shown in Table 4.1.1. In all cases the minerals had a particle size 
distribution of 125-250 ^m (kaolinite was fine paper coating grade). 
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4 .3 R E S U L T S A N D D I S C U S S I O N 
The purpose of this exercise was to study the distribution of trace metals within the physico-
chemical fractions identified for each mineral. In this case, these were limited to one or two 
chemical phases depending on the mineral. However because of buffering effects and the 
reaction of the mineral with the extractant solution with increasing acidity, the amount of solid 
extracted at each step differs from the expected values based on previous soil and sediment 
analysis. 
The sequential leach data obtained for the different mineral samples is shown in Tables 
4.3.1 to 4.3.7. The amount of solid extracted varies considerably among the minerals and 
impurities were found in most of samples at trace levels. Figure 4.3.1 shows the physico-
chemical fractions found for each selected mineral. 
4.3.1 C A L C I T E 
As it is well known that calcite produces CO2 and Ca^* in weak acid media and that it is 
Insoluble in water. For this mineral a major component was found to be made up of Ca 
(99.5%) and it was identified as being the calcium associated to the carbonate phase. In this 
case a simple reaction (Table 4.1.1) took place and the amount of calcium extracted 
increased when the concentration of nitric acid increased. This component was extracted 
mainly with 0.5 -1M H N O 3 and the amount of total solid extracted reached 300 g kg'V 
As 1 g of sample was used, the carbonate level was higher than In previously analysed 
samples, and thus the amount of solid extracted reached a maximum at higher pH. Traces of 
Al. Mg, Mn and Sr were also extracted (<0.1%). Sr occurs in most limestones and the 
presence of Mn in calcite has been reported previously^^. Al and Mg were thought to be 
impurities. 
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Comparison with the River Carnon sample: 
The River Carnon sample had a carbonate phase that represented approximately 10% of the 
total solid extracted (around ten times smaller than the pure carbonate mineral). Thus ten 
times less moles of nitric acid would be sufficient to extract the carbonate fraction (fraction 
identified as being the carbonate phase was extracted with 0.05 M H N O 3 ) whereas for 
calcite the number of moles of nitric acid needed to extract the calcium associated to the 
carbonate phase would be approximately ten times more (fraction identified as carbonate for 
calcite was extracted with 0.5-1 M H N O 3 ) . To compensate for this difference, the amount of 
solid extracted can be plotted against the sequential leachates concentration ten times 
smaller. As it can be seen in Figure 4.3.2. this would result in the carbonate fraction being 
extracted with 0.5 M H N O 3 (i.e. similar to the plot obtained for the Carnon carbonate phase; 
see Figure 3.4.3). 
4.3.2 D O L O M I T E 
Dolomite is known to react less readily than calcite in acid media^° and therefore insignificant 
amounts of solid were extracted with the first acidified leachates. For this mineral the major 
component was made up of Ca 64% and Mg 34.5% and small amounts of AI and Fe (<1%) 
(thought to be impurities) extracted mainly with 0.5-5M H N O 3 . This component was identified 
as being the calcium and magnesium associated with carbonates and the amount of total 
solid extracted reached 275 g kg'V This major component represented 98% of the total solid 
extracted. The rest of the solid extracted would be a second minor component made up of 
Ca (59%) and Mg (37%) and small amounts of AI and Na extracted with the first leachate, 
identified as the water-soluble fraction (only 2% of the solid extracted). 
136 
CHAPTER 4: STUDY OF SELECTED MINERALS COMMONLY FOUND IN SOILS AND SEDIMENTS 
4.3.3 A L B I T E 
Results obtained from the sequential leachates for albite showed two physico-chemical 
components. Component 1 was extracted mainly with 0.5-1 M H N O 3 and made up of Si 
(56%), Al (35%) and Na (8%) and small amounts of Ca and K (<1%). This fraction 
represented 87% of the total amount of solid extracted and was identified as the silicate 
phase (i.e. those metals bound to silicates). The second component was extracted mainly 
with 5M H N O 3 and was made up of Al (59%), Si (30%) and Na (10%) and small amounts of 
K. Mg an Fe (<1%). This second component represented 12% of total solid extracted and 
was identified as being the residual fraction. Together the amount of solid extracted was less 
than 15 g kg'^ (20 times less than for calcite). 
In this case the albite released some Na and clay mineral which could produce a buffering 
effect giving therefore higher pH. This is why some silicon was found in the last leachates 
due to silica being dissolved at an alkaline pH. 
4.3.4 C H L O R I T E 
The results obtained for chlorite showed two physico-chemical components. A major 
component extracted over a broad range (0.1-5M HNO3) and made up mainly of Al (77%) 
and Fe (17%) and small amounts of Mg Na and Si. This fraction was identified as being the 
iron oxides fraction. The second component was found to be a minor fraction extracted with 
0.01 HNOaand made up of Ca (46%). Mg (17%). K (16%) and smaller amounts of Al. Mn, 
Na. Si and Zn. The manganese and the zinc present at low levels were thought to be 
impurities and this fraction was identified as the exchangeable fraction. The rest of the solid 
extracted (9%) would be mainly Fe, Mg and Si extracted over a broad range. In this case 
silicon was not released because the buffering effect observed for albite did not occur, i.e. 
the pH was not high enough to dissolve the silica. 
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4 .3 .5 K A O L I N I T E 
One physico-chemical component represented more than 75% of the total amount of solid 
extracted and this was extracted over a broad range with 0.05-5M HNO3. This component 
was made up of Al (91%), SI (4%) and small amounts of Ca, K, Fe and Zn (thought to be 
impurities). As it can be seen in Table 4.1.1, kaolinite was expected to release mainly Al 
when acid is added and also some SI from the silica in the solution. 
4 .3.6 M U S C O V I T E 
Two main fractions were found for muscovite. a major component extracted with 0.01-0.05M 
HNO3 and made up from Al (40%). K (29%), Si (25%) and small amounts of Ca (<2%). Mg. 
Mn. Na and Zn (<1%) and a minor component extracted with 0.1-0.5 H N O 3 and made up of 
Al (64%). K (18%). Si (7%) and small amounts of Fe, Mg, Na and Ti. The first fraction could 
be identified as the aluminosilicate extractable phase and the second minor fraction could be 
due to the free aluminium generated from muscovite in acid media. 
4 .3.7 G I B B S I T E 
Gibbsite is well known for being the most stable aluminum mineral therefore the amount of 
solid extracted was expected to be lower than for the other minerals. The only physico-
chemical component found for gibbsite was removed by 0.1-5M H N O 3 and made up of Al 
(99%) and small amounts of Ca, Na and Si (<1%). This fraction was identified as the 
aluminum hydroxides fraction. 
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T A B L E 4.3.1.-DATA OBTAINED (mg kg* )^ F O R T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM 
C A L C f T E 
Extractant At C a Fe K Mg Mn Na S Si Sr Zn 
1 Dl H2O 3.98 63.66 0.58 1.23 0.63 0.03 13.69 2.67 2.20 0.15 0.28 
2 Dl H2O 5.80 40.19 0.58 1.23 0.63 0.03 1.76 2.67 2.87 0.11 0.26 
3 0.01 M HNO3 0.27 1822.92 0.58 5.63 2.79 0-26 5.94 2.67 2.00 1.34 5.79 
4 0.01 M HNO3 0.27 1913.58 0.58 3.57 3.21 0.27 2.23 2.67 1.19 1.46 4.37 
5 0.05 M HNO3 2.37 9171.35 0.58 5.81 13.71 1.11 2.61 11.86 1.57 6.76 6.84 
6 0.05 M HNOa 0.79 9479.21 0.58 1.88 14.10 1.17 1.40 12.56 3.17 6.99 5.01 
7 0.1 M HNOa 4.13 14283.74 0.58 5.39 21.80 1.95 5.94 21.60 3.47 10.57 6.57 
8 0.1 M HNO3 2.66 19133.95 0.58 1.58 28.24 2.29 3.64 30.10 1.19 14.15 5.96 
9 0.5 M HNO3 13.66 70702.94 0.59 1.87 109.96 9.02 6.47 125.51 1.19 55.30 7.59 
10 0.5 M HNO3 25.63 76097.53 0.59 1.23 117.55 9.62 7.03 134.59 1.56 59.80 7.99 
11 1 M HNOa 22.04 75150.41 0.58 1.23 117.59 9.92 9.00 139.48 1.19 58.76 7.26 
12 1 M HNO3 52.00 32836.90 0.58 1.82 49.84 4.13 9.66 59.58 1.19 24.55 7.54 
13 5 M HNO3 86.97 5526.77 0.58 1.23 8.94 0.77 11.86 9.77 1.19 4.13 3.99 
14 5 M HNOa 177.91 892.99 0.78 2.77 2.05 0.15 13.60 2.67 2.27 0.74 2.43 
1 Dl H2O 7.07 41.49 0.58 1.23 0.63 0.03 11.68 2.67 1.64 0.13 0.26 
2 Dl H2O 7.16 35.94 0.58 1.23 0.63 0.03 2.21 2.67 2.94 0.11 0.26 
3 0.01 M HNO3 0.27 1576.42 0.58 3.99 2.61 0.23 5.27 2.67 1.75 1.19 5.09 
4 0.01 M HNO3 0.27 1842.16 0.58 4.22 3.48 0.25 2.09 3.68 2.37 1.42 3.44 
5 0.05 M HNO3 0.57 8114.55 0.58 2.68 12.55 1.01 1.24 18.97 1.19 6.04 5.61 
6 0.05 M HNO3 0.41 8608.92 0.58 2.94 12.86 1.05 1.59 18.01 2.39 6.42 5.10 
7 0.1 M HNOa 5.42 16517.29 0.58 4.66 24.73 2.19 5.82 38.58 3.56 12.28 7.06 
8 0.1 M HNOa 3.19 16698.90 0.58 2.44 25.04 2.01 3.59 40.93 1.19 12.43 5.67 
9 0.5 M HNO3 11.68 62336.76 0.58 2.03 96.14 7.55 5.61 165.94 1.19 48.58 7.28 
10 0.5 M HNO3 23.96 63677.26 0.58 1.23 98.70 8.07 6.05 168.36 1.19 49.46 7.69 
11 1 M HNO3 17.22 81288.72 0.58 1.23 127.32 10.40 7.76 224.50 1.19 63.37 7.23 
12 1 M HNOa 64.27 27502.68 0.58 1.34 42.70 3.47 8.26 73.31 1.19 20.40 7.27 
13 5 M HNOa 79.21 3551.28 0.58 1.23 2.69 0.23 7.65 4.80 1.42 1.22 2.28 
14 5 M HNO3 145.08 951.73 0.58 1.23 1.09 0.09 8.85 2.67 2.10 0.41 1.48 
*Where the concentration of a particular element was 
value was substituted by a value of half the detection 
bold. 
found to be less than the L C D of the method, the obtained 
limit to allow data processing. These values are marked in 
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C H A P T E R 4: S T U D Y O F S E L E C T E D M I N E R A L S C O M M O N L Y F O U N D IN S O I L S AND S E D I M E N T S 
T A B L E 4.3.2.- DATA OBTAINED (mg kg ') F O R T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM 
DOLOMITE 
Extractant Al C a Fe K Mg Mn Na S Si Sr Zn 
1 Di HjO 0.27 80.17 0.5S 1.23 28.57 0.04 15.12 10.34 4.67 0.21 0.30 
2 Dl H2O 0.58 10.12 0.58 1.23 4.34 0.03 0.74 2.67 4.36 0.09 0.23 
3 0.01 M HNOa 2.66 947.53 10.56 11.12 461.20 0.43 5.81 6.09 5.91 0.68 10.87 
4 0.01 M HNO3 1.91 1091.13 13.03 3.16 570.24 0.48 1.02 5.54 5.55 0.66 3.26 
5 0.05 M HNO3 4.62 3789.80 50.26 2.22 1947.49 1.56 0.80 22.18 9.52 2.06 4.43 
6 0.05 M HNO3 5.24 4179.39 54.94 1.23 2196.93 1.73 0.66 25.47 10.02 2.22 4.56 
7 0.1 M HNOa 5.42 4888.80 42.88 1.23 2524.09 2.02 3.08 30.10 11.17 2.62 4.58 
8 0.1 M HNO3 9.46 5929.79 58.99 1.43 3139.39 2.43 5.05 35.89 19.49 3.15 6.47 
9 0.5 M HNO3 17.65 1 5 ^ . 7 9 209.81 1.23 8364.20 6.29 6.72 97.54 23.70 8.35 7.61 
10 0.5 M HNO3 37.40 19016.05 235.55 1.23 10022.98 7.50 6.35 115.57 26.10 9.90 7.89 
11 1 M HNOa 53.72 28182.09 427.58 1.23 15623.58 11.88 6.78 184.91 33.88 14.72 8.60 
12 1 M HNO3 116.58 42597.27 538.29 1.23 23866.57 17.45 8.33 270.59 40.32 22.34 9.63 
13 5 M HNO3 100.13 31916.23 481.13 1.23 17577.62 13.55 9.84 206.95 36.60 16.43 9.10 
14 5 M HNOa 253.02 25947.53 329.27 2.46 14584.98 10.36 11.58 164.55 33.66 13.11 9.35 
1 Dl H2O 2.98 23.81 0.58 1.23 9.92 0.02 12.54 11.10 4.95 0.15 0.24 
2 Dl HjO 2.17 14.98 0.58 1.23 8.63 0.04 1.22 2.67 5.63 0.10 0.24 
3 0.01 M HNO3 4.51 1086.51 11.82 13.69 509.40 0.47 7.36 8.10 6.48 0.78 11.48 
4 0.01 M HNO3 3.08 994.07 12.20 3.93 499.16 0.43 0.96 6.50 5.57 0.61 3.58 
5 0.05 M HNO3 7.11 3960.62 52.15 2.99 1960.42 1.61 0.66 24.64 9.73 2.13 4.80 
6 0.05 M HNO3 5.21 3522.70 46.93 2.31 1817.09 1.46 0.18 22.48 9.04 1.88 4.13 
7 0.1 M HNOa 8.33 6107.66 56.54 1.23 3051.42 2.49 3.1B 37.77 12.51 3.22 5.24 
8 0.1 M HNO3 11.75 5367.62 65.06 2.10 2795.99 2.22 5.27 32.31 18.18 2.83 6.46 
9 0.5 M HNO3 20.16 15841.25 223.36 2.54 8211.18 6.38 7.39 100.07 23.87 8.22 7.75 
10 0.5 M HNO3 38.39 19500.36 273.45 1.23 9999.20 7.69 7.00 120.28 26.00 10.12 8.00 
11 1 M HNOa 47.13 22434.58 313.42 1.23 11653.67 9.39 8.93 141.57 28.57 11.64 8.15 
12 1 M HNOa 120.47 45120.01 599.42 1.23 25107.54 18.52 9.37 284.18 40.34 23.98 9.54 
13 5 M HNO3 134.54 50739.75 650.46 1.23 16871.46 20.49 10.12 330.22 43.91 27.08 9.73 
14 5 M HNO3 215.99 17446.70 246.97 1.23 19273.04 6.66 11.24 109.43 26.11 8.75 8.52 
•Where the concentration of a particular element was 
value was substituted by a value of half the detection 
bold. 
found to be less than the LOD of the method, the obtained 
limit to allow data processing. These values are marlted in 
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C H A P T E R 4: S T U D Y O F S E L E C T E D M I N E R A L S COMMONLY F O U N D IN S O I L S AND S E D I M E N T S 
T A B L E 4.3.3.- DATA OBTAINED (mg kg" )^ F O R T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM 
A L B I T E 
Extractant Al C a F c K Mg Mn Na S Si Zn 
1 Dl H2O 2.03 37.67 0.58 1.19 1.21 0.10 23.17 2.81 7.52 5.32 
2 Dl H2O 0.29 1.20 0.58 1.23 0.64 0.03 1.96 2.67 1.76 0.62 
3 0.01 M HNOa 56.10 138.35 0.58 11.31 1.18 0.20 18.00 2.67 68.30 6.01 
4 0.01 M HNO3 66.82 78.41 0.S8 3.87 0.G4 0.14 19.66 2.67 95.18 2.52 
5 0.05 M HNOa 153.93 190.12 0.58 2.61 0.64 0.39 40.53 2.67 223.13 1.85 
6 0.05 M HNO3 178.62 135.76 0.58 3.25 0.64 0.29 44.99 2.67 259.89 1.87 
7 0.1 M HNOa 290.10 154.63 0.58 1.71 0.64 1.04 71.77 2.67 421.80 1.40 
8 0.1 M HNOa 320.81 102.60 0.58 1.23 0.64 0.16 75.61 2.67 465.11 1.08 
9 0.5 M HNO3 363.19 84.32 0.58 2.05 0.64 0.08 86.80 2.67 554.29 0.94 
10 0.5 M HNO3 636.67 108.11 0.58 3.77 0.64 0.07 145.86 2.67 982-16 1.10 
11 1 M HNOa 473.85 60.30 1.47 1.90 0.64 0.06 109.48 2.67 710.14 0.90 
12 1 M HNOa 641.48 52.53 0.64 3.84 0.64 0.06 136.85 2.67 895.10 1.11 
13 5 M HNO3 464.24 29.46 0.62 3.03 0.96 0.04 103.32 2.67 591.18 0.84 
14 5 M HNO3 485.65 26.26 0.80 3.46 1.46 0.06 84.03 2.67 281.67 0.79 
1 Dl H2O 1.12 5.45 0.58 1.23 0.64 0.02 16.48 3.36 2.82 0.20 
2 Dl H2O 0.32 109.76 0.58 9.73 8.78 0.04 31.08 6.25 13.37 0.42 
3 0.01 M HNO3 50.97 146.86 0.58 10.25 2.09 0.20 20.99 3.13 64.29 9.00 
4 0.01 M HNOa 42.56 61.00 0.58 3.56 0.64 0.13 12.80 2.67 58.39 2.44 
5 0.05 M HNOa 130.90 199.16 0.67 2.53 0.64 0.41 35.03 2.67 188.22 2.13 
6 0.05 M HNO3 204.64 146.46 0.58 2.46 0.64 0.30 49.67 2.67 279.66 1.87 
7 0.1 M HNO3 241.00 133.19 0.58 1.23 0.64 0.99 58.53 2.67 337.53 1.29 
8 0.1 M HNOa 236.60 74.52 0.58 1.23 0.64 0.15 54.11 2.67 324.19 1.02 
9 0.5 M HNO3 476.88 111.73 0.58 1.55 0.64 0.08 116.09 2.67 754.71 0.86 
10 0.5 M HNOa 590.69 91.67 0.58 3.89 0.68 0.06 135.36 2.67 904.54 1.04 
11 1 M HNO3 623.44 69.89 0.72 3.91 0.64 0.06 149.76 2.67 999.65 0.90 
12 1 M HNO3 597.16 46.43 0.59 4.90 0.64 0.06 127.87 2.67 825.24 1.14 
13 5 M HNO3 429.15 24.73 0.58 3.55 1.05 0.05 92.11 2.67 506.90 0.84 
14 5 M HNOa 345.51 14.38 0.59 1.38 1.27 0.05 54.16 2.67 165.39 0.68 
•Where the concentration of a particular element was found to be less than the L C D of the method, the obtained 
value was substituted by a value of half the detection limit to allow data processing. These values are marked in 
bold. 
141 
C H A P T E R 4: S T U D Y O F S E L E C T E D M I N E R A L S COMMONLY F O U N D IN S O I L S AND S E D I M E N T S 
T A B L E 4.3.4.- DATA OBTAINED (mg kg'^) F O R T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM 
C H L O R I T E 
Extractant Al C a C u Fe K Mg Mn Na S Si Sr Ti Zn 
1 Dl H2O 2.63 4.07 0.01 0.58 2.25 1.53 0.02 23.25 7.93 2.62 0.09 0.06 0.22 
2 01 H2O 1.42 1.09 0.01 0.58 1.23 0.64 0.02 3.43 3.43 3.71 0.08 0.06 0.20 
3 0.01 M HNOa 11.85 88.19 1.03 1.84 32.98 30.17 0.16 13.75 2.67 7.49 0.39 0.06 4.57 
4 0.01 M HNOa 25.90 32.21 1.35 5.52 10.22 16.23 0.28 8.87 2.67 12.20 0.21 0.06 5.26 
5 0.05 M HNO3 22.10 3.53 0.14 5.24 1.58 2.26 0.07 0.34 2.67 4.29 0.10 0.06 1.21 
6 0.05 M HNO3 17.53 0.77 0.01 3.13 1.23 1.28 0.04 0.18 2.67 5.18 0.08 0.06 0.63 
7 0.1 M H N O 3 35.34 0.92 0.13 6.34 1.23 2.67 0.21 3.23 2.67 4.51 0.08 0.11 0.75 
8 0.1 M HNOa 39.04 0.80 0.11 5.59 1.23 3.16 0.14 3.57 2.67 4.88 0.08 0.08 0.65 
9 0.5 M H N O 3 55.43 0.97 0.12 8.07 1.23 2.80 0.09 5.26 2.67 4.91 0.08 0.06 0.61 
10 0.5 M H N O 3 B1.84 0.92 0.16 6.45 1.23 3.36 0.09 7.14 2.67 6.28 0.08 0.07 0.63 
11 1 M HNOa 100.66 0.74 0.18 5.79 1.23 3.22 0.11 10.37 2.67 6.40 0.08 0.08 0.60 
12 1 M HNOa 108.72 0.77 0.16 5.31 1.23 2.95 0.10 11.34 2.67 6.89 0.08 0.08 0.61 
13 5 M H N O 3 170.51 0.97 0.61 7.91 1.23 4.73 0.12 13.18 2.67 11.46 0.08 0.09 0.80 
14 5 M H N O 3 186.34 0.90 0.58 0.58 14.28 0.64 1.50 0.18 2.67 1.64 12.17 0.11 0.69 
1 Dl H2O 1.82 5.60 0.01 0.58 1.23 2.50 0.02 19.41 6.63 2.66 0.10 0.06 0.22 
2 Dl H2O 1.02 1.30 0.01 0.58 1.23 0.64 0.02 3.38 2.67 2.90 0.08 0.06 0.22 
3 0.01 M H N O 3 8.62 63.29 0.61 1.18 24.32 22.89 0.12 10.43 2.67 5.36 0.31 0.06 6.61 
4 0.01 M H N O 3 23.04 29.71 1.07 4.22 9.51 15.05 0.25 2.85 2.67 9.89 0.20 0.06 5.61 
5 0.05 M HNOg 21.05 6.14 0.31 4.51 1.23 2.85 0.32 4.01 2.G7 5.11 0.10 0.06 1.42 
6 0.05 M H N O 3 17.53 0.77 0.01 3.13 1.23 1.28 0.04 0.18 2.67 5.18 0.08 0.06 0.63 
7 0.1 M H N O 3 35.34 0.92 0.13 6.34 1.23 2.67 0.21 3.23 2.67 4.51 0.08 0.11 0.75 
8 0.1 M HNOa 39.04 0.80 0.11 5.59 1.23 3.16 0.14 3.57 2.67 4.88 0.08 0.08 0.65 
9 0.5 M H N O 3 55.43 0.97 0.11 8.28 1.23 3.16 0.14 6.20 2.67 5.50 0.08 0.07 0.63 
10 0.5 M H N O 3 93.44 1.03 0.18 7.02 1.23 3.91 0.14 7.54 2.67 7.28 0.08 0.07 0.66 
11 1 M H N O 3 98.95 0.89 0.09 5.49 1.23 3.19 0.08 10.31 2.67 6.62 0.08 0.07 0.62 
12 1 M H N O 3 105.34 0.58 0.06 5.21 1.23 3.08 0.06 10.68 2.67 6.92 0.08 0.07 0.58 
13 5 M HNOa 188.26 1.07 0.48 8.64 1.23 5.49 0.09 13.17 2.67 11.63 0.09 0.11 0.85 
14 5 M H N O 3 172.13 0.73 0.35 8.27 1.23 5.91 1.07 14.73 2.67 11.76 0.08 0.10 0.61 
'Where the concentration of a particular element was found to be less than the L C D of the method, the obtained 
value was substituted by a value of half the detection limit to allow data processing. These values are marked in 
bold. 
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C H A P T E R 4: S T U D Y O F S E L E C T E D M I N E R A L S COMMONLY F O U N D IN S O I L S AND S E D I M E N T S 
T A B L E 4.3.5.- D A T A OBTAINED (mg kg* )^ F O R T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM 
KAOLINITE 
Extractant Al C a Fe K Mg Mn Na S Si Sr Ti Zn 
1 Dl H2O 0.57 10.49 0.58 31.07 2.25 0.093 99.84 101.44 1.95 0.13 0.055 3.88 
2 Dl H2O 0.64 3.00 0.58 8.34 0.63 0.053 15.36 19.50 1.78 0.09 0.055 1.75 
3 0.01 M HNO3 13.92 78.69 0.72 53.90 21.55 0.761 15.04 5.46 2.48 0.36 0.055 9.81 
4 0.01 M HNOa 8.00 33.89 0.69 13.07 8.64 0.335 1.57 2.66 1.53 0.20 0.055 1.96 
5 0.05 M HNO3 36.87 42.53 3.02 12.52 10.47 0.403 1.52 2.66 2.43 0.24 0.055 2.34 
6 0.05 M HNO3 287.89 52.24 4.44 19.03 11.61 0.454 3.79 5.89 8.99 0.29 0.055 5.26 
7 0.1 M HNO3 465.02 12.65 2.99 11.99 2.35 0.127 6.18 4.69 11.43 0.14 0.489 3.61 
8 0.1 M HNOa 122.75 2.45 4.75 3.70 0.63 0.039 2.79 2.75 3.75 0.09 0.197 1.03 
9 0.5 M HNOa 165.56 1.21 7.35 2.06 0.63 0.031 3.90 3.90 3.17 0.09 0.166 0.84 
10 0.5 M HNO3 154.01 1.03 7.78 2.00 0.63 0.031 4.48 3.33 5.01 0.09 0.213 0.79 
11 1 M HNO3 196.81 1.07 3.46 3.15 0.63 0.033 6.40 7.39 6.61 0.09 0.248 0.73 
12 1 M HNO3 224.70 2.38 1.28 3.84 0.63 0.034 6.61 4.99 8.64 0.09 0.220 0.71 
13 5 M HNOa 246.77 4.32 1.49 10.13 0.63 0.038 7.25 7.76 12.84 0.09 0.264 0.73 
14 5 M HNO3 167.27 2.83 5.57 7.93 0.63 0.076 8.98 2.66 8.24 0.09 0.135 0.48 
1 Dl H2O 0.46 10.66 0.58 34.23 2.69 0.095 99.92 115.95 2.37 0.12 0.055 2.39 
2 Dl H2O 1.05 3.83 0.58 12.03 1.18 0.064 19.61 28.82 2.28 0.09 0.055 2.27 
3 0.01 M HNO3 12.66 75.71 0.60 45.79 21.35 0.764 11.45 3.32 2.25 0.36 0.055 9.28 
4 0.01 M HNO3 22.42 62.55 1.28 25.12 15.95 0.602 3.35 2.66 3.36 0.31 0.055 3.61 
5 0.05 M HNO3 64.12 51.29 3.93 14.61 11.26 0.439 1.07 4.87 5.02 0.29 0.055 2.07 
6 0.05 M HNOa 493.59 18.37 4.64 14.04 3.77 0.155 4.26 6.15 11.17 0.19 0.055 5.77 
7 0.1 M HNOa 264.55 3.53 2.67 6.21 0.63 0.037 3.08 4.86 5.66 0.10 0.401 1.83 
8 0.1 M HNO3 117.86 1.17 4.80 2.89 0.63 0.022 2.55 3.80 3.13 0.09 0.272 0.81 
9 0.5 M HNO3 296.75 3.79 6.94 6.79 0.63 0.040 4.65 8.68 30.28 0.11 0.377 1.15 
10 0.5 M HNO3 126.96 1.22 5.35 2.72 0.63 0.033 4.75 3.50 13.57 0.09 0.156 0.59 
11 1 M HNO3 154.50 1.21 4.74 1.95 0.63 0.036 6.46 2.66 14.86 0.09 0.128 0.62 
12 1 M HNOa 226.57 2.25 1.05 4.36 0.63 0.073 7.29 3.22 19.93 0.09 0.184 0.82 
13 5 M HNO3 162.65 1.73 1.44 4.58 0.63 0.033 7.92 2.66 9.40 0.09 0.126 0.57 
14 5 M HNO3 314.04 4.45 5.06 13.69 0.65 0.265 13.77 4.06 58.98 0.12 0.240 0.80 
*Where ihe concentration of a particular element was found to be less than the L C D of the method, the obtained 
value was substituted by a value of half the detection limit to allow data processing. These values are mari^ed in 
bold. 
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C H A P T E R 4: S T U D Y O F S E L E C T E D M I N E R A L S C O M M O N L Y F O U N D IN S O I L S AND S E D I M E N T S 
T A B L E 4.3.6.- DATA OBTAINED (mg kg'^) F O R T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM 
MUSCOVITE 
Extractant Al Ba C a Fo K Mg Mn Na S Si Sr Ti V Zn 
1 Dl HjO 2.85 0.38 0.33 0.58 16.17 0.64 0.027 20.06 6.13 3.92 0.08 0.06 0.09 0.23 
2 Dl HjO 1.54 0.38 0.27 0.58 15.09 0.68 0.030 3.36 2.67 3.53 0.08 0.06 0.09 0.23 
3 0.01 M HNOa 361.42 0.38 57.46 5.94 633.10 22.51 2.697 20-75 2.67 284.19 0.57 0.73 0.09 1.99 
4 0.01 M HNOa 327.65 0.38 15.70 4.90 177.51 20.36 1.705 6.25 2.67 197.47 0.23 0.89 0.11 3.72 
5 0.05 M HNOa 406.51 0.38 17.76 9.80 147.54 18.72 1.731 4.08 2.67 214.38 0.19 5.59 0.22 2.85 
6 0.05 M HNOa 329.89 0.38 9.00 6.70 116.64 16.43 1.560 3.06 2.67 169.21 0.15 4.04 0.15 2.15 
7 0.1 M HNOa 164.79 0.38 2.97 9.54 75.67 9.89 1.079 4.17 2.67 80.56 0.12 2.19 0.12 1.53 
8 0.1 M HNOa 371.92 0.38 6.72 1.11 93.44 25.00 1.565 10.77 2.67 126.76 0.18 2.83 0.23 3.25 
9 0.5 M HNOa 133.39 1.69 2.69 4.67 77.53 6.54 0.339 6.26 2.67 40.62 0.12 3.51 0.12 0.98 
10 0.5 M HNOa 163.28 1.00 3.71 1.97 68.17 13.68 0.425 6.17 2.67 53.66 0.14 4.27 0.21 0.77 
11 1 M HNOa 198.11 0.93 5.86 9.50 75.85 17.81 0.419 6.97 2.67 59.58 0.16 4.02 0.35 0.78 
12 1 M HNOa 290.01 1.12 7.43 4.03 95.69 30.95 0.498 9.86 2.67 78.22 0.17 6.04 0.73 0.88 
13 5 M HNOa 232.79 0.68 3.85 1.29 64.64 21.09 0.428 10.94 2.67 70.01 0.11 6.56 0.95 0.75 
14 5 M HNOa 332.14 0.65 4.63 7.18 85.47 39.32 0.590 12.82 2.67 54.61 0.11 9.69 1.48 0.76 
1 Dl H2O 2.77 0.38 0.21 0.58 14.97 0.64 0.026 20.46 6.09 3.47 0.08 0.06 0.09 0.21 
2 Dl H2O 1.51 0.38 0.22 0.58 14.05 0.64 0.025 3.49 2.67 3.38 0.08 0.06 0.09 0.21 
3 0.01 M HNO3 425.95 0.38 62.62 6.13 672.89 28.41 3.174 24.51 2.67 314.62 0.62 0.51 0.09 3.66 
4 0.01 M HNOa 410.08 0.38 16.85 6.63 201.65 21.56 1.895 5.89 2.67 240.55 0.23 0.92 0.15 3.34 
5 0.05 M HNOa 480.10 0.38 21.90 9.16 172.24 21.89 2.073 4.83 2.67 251.59 0.20 6.46 0.29 3.27 
6 0.05 M HNO3 206.47 0.38 8.60 7.82 82.04 11.25 1.045 1.79 2.67 105.03 0.12 3.05 0.10 2.24 
7 0.1 M HNO3 173.65 0.38 5.01 7.89 86.12 12.06 1.165 4.19 2.67 84.85 0.12 3.31 0.18 1.65 
8 0.1 M HNO3 387.88 0.38 7.52 1.27 94.19 27.13 1.544 10.87 2.67 136.90 0.19 3.25 0.32 2.41 
9 0.5 M HNO3 114.32 1.43 1.79 7.30 67.67 5.48 0.283 6.14 2.67 33.32 0.10 2.66 0.11 0.91 
10 0.5 M HNO3 164.82 0.94 1.84 1.67 64.22 12.39 0.399 6.23 2.67 49.20 0.11 4.01 0.23 0.79 
11 1 M HNO3 236.44 1.07 2.29 8.14 97.40 19.61 0.460 9.65 2.67 65.90 0.11 4.91 0.42 0.82 
12 1 M HNO3 280.07 1.05 2.24 3.77 99.77 34.02 0.487 10.43 2.67 80.20 0.10 6.76 0.92 0.81 
13 5 M HNO3 260.66 0.65 1.97 1.59 65.52 23.32 0.442 11.02 2.67 78.08 0.10 8.26 1.33 0.75 
14 5 M HNO3 284.27 0.51 2.54 8.73 64.63 39.04 0.469 10.27 2.67 51.37 0.10 8.89 1.55 0.69 
•Where the concentration of a particular element was found to be less than the L C D of the method, the obtained 
value was substituted by a value of half the detection limit to allow data processing. These values are marked in 
bold. 
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T A B L E 4.3.7.- D A T A OBTAINED (mg kg" )^ F O R T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM 
G l B B S I T E 
Extractant Al C a K Mg Mn Na Pb s SI Sr Zn 
1 Dl H^ O 34.73 2.78 2 .05 2.69 0 .039 32 .28 0.90 6.17 5.94 0.124 3 .22 
2 Dl H2O 6.71 1.33 2 .55 2.11 0.027 4 .92 0.94 2.67 3.88 0 .085 3 .55 
3 0 .01 M HNOa 4 . 9 5 1.09 1.81 1.99 0.031 0.61 0.90 2.67 2.76 0.081 1.55 
4 0 .01 M HNO3 5.19 0 .92 1.23 1.94 0.028 0 .18 0.90 2.67 3.00 0.081 1.58 
5 0 . 0 5 M HNO3 6.50 1.71 1.23 1.83 0 .033 0 .18 1.68 2.67 3.12 0 .082 1.32 
6 0 . 0 5 M HNO3 13.96 1.17 1.23 1.93 0 .026 0 .18 1.56 2.67 3.49 0 .080 1.11 
7 0.1 M HNOa 20.85 0.77 1.23 1.55 0 .033 2.61 1-35 2.67 3.20 0 .079 1.00 
8 0.1 M HNO3 294.32 3 .23 4 .68 1.94 0 .030 10.32 0.90 2.67 5.81 0 .098 8.34 
9 0 . 5 M HNO3 55.51 1.81 1.23 1.71 0.031 4 .16 1.30 2.67 2.97 0.081 0 .95 
1 0 0.5 M HNO3 96.27 0.84 1.23 1.73 0 .026 4 .99 0.90 2.67 3.98 0.079 0 .59 
11 1 M HNO3 121.84 0.96 1.23 0 .95 0.031 7.37 0.90 2.67 4 .06 0 .079 0.61 
1 2 1 M HNOa 192.89 1.00 1.23 1.03 0.040 7.67 1.23 2.67 3 .95 0 .080 0 .75 
1 3 5 M HNO3 183.78 1.17 1.23 0.79 0.027 9 . 2 5 1.78 2.87 3.76 0.079 0 .69 
14 5 M HNO3 293.93 1.02 1.23 0.63 0 .030 11.01 0.90 2.67 3.88 0 .079 0 .69 
1 Dl H2O 31.10 1.86 1.75 1.34 0.026 37.87 0.90 5.62 4 .99 0 .078 0 .23 
2 Dl H2O 1.22 0 .20 1.23 0 .75 0 .028 6 .52 0.90 2.67 2.76 0.077 0 .23 
3 0 .01 M HNO3 6.26 2.62 1.41 1.72 0 .038 14.20 0.96 2.67 6.12 0 .120 1.76 
4 0 .01 M HNO3 8 .95 1.66 3.58 1.26 0.031 2.18 0.90 2.67 3.27 0 .086 3.43 
5 0 . 0 5 M HNOa 9.43 1.24 1.23 0.89 0.031 0.48 0.90 2.67 3 .09 0.082 1.85 
6 0 . 0 5 M HNOa 17.07 1.28 1.23 0.92 0 .030 0 .22 0.90 2.67 3.27 0.081 1.51 
7 0.1 M HNO3 24.43 0 .89 1.23 0.84 0 .035 2.88 0 .90 2.67 3.05 0 .080 1.24 
8 0.1 M HNO3 271.38 3.34 5.19 1.13 0 .030 10.71 0 .90 2.67 5.61 0.100 8 .88 
9 0.5 M HNO3 58.99 0 .70 1.23 0.75 0.028 4 .76 0.90 2.67 2.76 0.079 0 .88 
1 0 0 . 5 M HNOa 108.73 0.79 1.23 0.61 0.027 5 .03 0.90 2.67 3.69 0.079 0.64 
11 1 M HNOa 139.24 0 .79 1.23 0.92 0 .030 7.49 0.90 2.67 3.38 0 .079 0.67 
1 2 1 M HNO3 225.59 1.30 1.23 0.76 0 .030 7.64 1.55 2.67 3.47 0 .079 0.80 
1 3 5 M HNO3 189.34 1.20 1.23 0.63 0 .030 9 .34 1.02 2.67 3.48 0.080 0.68 
14 5 M HNO3 289 .79 1.27 1.23 0.69 0.030 10.85 0.90 2.67 3.59 0 .079 0.66 
•Where the concentration of a particular element was found to be less than the LOD of the method, the obtained 
value was substituted by a value of half the detection limit to allow data processing. These values are marked in 
bold. 
145 
C H A P T E R 4: S T U D Y O F S E L E C T E D M I N E R A L S COMMONLY F O U N D IN S O I L S AND S E D I M E N T S 
F I G U R E 4.3.1.- PHYSICO-CHEMICAL FRACTIONS FOUND FOR T H E S E L E C T E D MINERALS 
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F I G U R E 4.3.1.-<CONT.) 
C H L O R I T E 
E • 
sequential leaches 
i;' 200 
9 10 11 12 13 14 
sequential leaches 
Al 7 7 % 
Major component 1 
Al • F c • Mg • Na • Si 
Minor component 2 
Al • C a • K • M g B M n • Na • S i O Zn 
KAOLINITE 
500 
400 
300 
200 
100 
0 
1 2 3 4 5 6 7 8 9 10 11 
sequential leaches 
Major component 
G I B B S I T E 
C7) 
200 • 
100 
0 
3 4 5 6 7 8 9 10 11 
sequential leaches 
y ^ l 9 9 % ^ ^ 
Major component 
147 
C H A P T E R 4 : S T U D Y O F S E L E C T E D M I N E R A L S COMMONLY F O U N D IN S O I L S AND S E D I M E N T S 
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4 . 4 C O N C L U S I O N S 
The purpose of this part of the study was to find single physico-chemical phases for the 
selected minerals to enable a comparison with the physico-chemical components obtained 
when soil or sediment samples were analysed. Well defined physico-chemical components 
have been found for most of minerals. However because the composition of pure minerals 
varies to that found in most natural samples (particularly the carbonates), the volume of acid 
used in the leachates would need to be modified (usually increased) in order to dissolve the 
metals. 
This approach would facilitate the new method being used for the study of more complex 
samples. In addition, comparisons with the physico-chemical components found in the 
minerals could be made in terms of elemental composition. 
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CHAPTER 5 
THE EFFECT OF HUMIC ACIDS ON THE 
SEQUENTIAL EXTRACTION 
OF METALS FROM SOILS 
AND SEDIMENTS 
C H A P T E R 5 : T H E E F F E C T O F HUMIC A C I D S O N T H E SEOUErniAL E X T R A C T I O N O F M E T A L S F R O M S O I L S & S E D I M E N T S 
5.1 I N T R O D U C T I O N 
In this Chapter the effect of high humic acids contents on the recovery of metals has been 
studied and results are reported. A sediment sample collected from the River Carnon area 
(Cornwall, UK) and a reference material ( N I S I CRM-2711 agricultural soil) were spiked with 
humic acids in order to identify potential retention of the metals onto humic substances and 
thus give an indication of bioavailability. 
5.1.1 HUMIC S U B S T A N C E S 
Humic substances (HS) are nature's least understood materials. T h e s e brown or black 
biopolymers exist in animals, plants, sediments, soils and water. Humic substances retain 
water, bind metals, molecules, ions and other biopolymers. They are redox-active, they are 
effective acid-base buffers and they also bind firmly to clays and minerals^^^. Thus, they are 
thought to play an important role in the solubility, mobility, transport, concentration and 
accumulation of trace metals in plants and roots. 
Humic substances may be operationally classified according to pH-dependent aqueous 
solubility, giving the loosely defined sub-categories: humic acids (HA), which are insoluble at 
low pH; fulvic acids (FA), which are lower molecular weight compounds that are soluble at all 
pH; and humin (HU), which contains more aromatic compounds and Is insoluble at all pH 
and has a lower binding abllity^^°. 
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5.1 .2 I N T E R A C T I O N S B E T W E E N HUMIC A C I D S A N D T R A C E M E T A L S 
Metal retention/complexation by humic acids isolated from soils and sludges has been the 
subject of numerous studies^^^"^^. The results obtained in these studies have suggested that 
the degree and strength of metal complexation did not appear to be related to atomic weight, 
atomic number, ionic radius etc. of the retained metal, but with the various functional groups 
present in humic acids whose complexing abilities vary considerably^^^. 
Interactions between humic acids and trace metals in numerous soil samples from different 
origins have been studied^^ and several techniques such a s size exclusion chromatography, 
capillary electrophoresis, f luorescence, nuclear magnetic resonance, laser spectroscopy etc. 
have been used to obtain better understanding of the role of humic acids in soils^^^. 
Evidence suggests that metal complexation by humic substances present in soils can have a 
dramatic influence on the mobility and bioavailability of metals to soil organisms and 
plants^®^. As the methodology developed in this thesis provides information on the physico-
chemical phases present in soils, the study of the effect of humic acids on the extraction of 
trace metals from soils was proposed a s a further objective of the study. 
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5 . 2 E X P E R I M E N T A L 
5.2.1 T E S T M A T E R I A L S 
Two samples were used for this study: a sediment sample collected from the River C a m o n 
valley in Comwall and the C R M NIST-2711 (information given in Chapter 3). Humic acids 
were purchased from Fluka (Sigma-Aldrich Company Ltd., Dorset. England), see Appendix II 
for characterisation. T h e s e humic acids were chosen a s they are commercially available and 
have been widely used in other studies 
5.2 .2 P R O C E D U R E 
Both samples were spiked with different amounts of humic acids. 10 ml of Milll-Q water was 
added to each sample which were then left overnight to equilibrate in covered glass beakers 
(samples were not heated since this would alter the procedure). The next day the sequential 
extraction procedure and I C P - A E S analysis of the leachates was performed a s described in 
section 2.2.1. The first sequential leachate was obtained a s a result of using the milli-Q 
water added the day before a s the first extractant. 
Sequential Leachate Data was then obtained for the following samples in duplicate: 
Carnon sample (100% m/m) 
Carnon sample (80% m/m) and Humic Acids (20% m/m) 
Camon sample (70% m/m) and Humic Acids (30% m/m) 
NIST-2711 (100% m/m) 
NIST-2711 (80% m/m) and Humic Acids (20% m/m) 
NIST-2711 (60% m/m) and Humic Acids (40% m/m) 
In addition to the soil/humic acid mixtures, the s a m e sequential extraction procedure was 
carried out on 0.25 g of the humic acids with no soil added. 
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5 .2 .3 D A T A P R O C E S S I N G 
Data processing was performed for two large data sets: 
• the 3 data matrices obtained for the Carnon sample and subsequent spiked samples 
were combined to form one data set matrix (84 leachates x 18 elements) 
• the 3 data matrices obtained for NIST-2711 sample and spiked samples were combined 
to form one data set matrix (84 leachates x 18 elements) 
Matrix A (i.e. data set matrix) for the Carnon study therefore consisted of 3 data se ts , where 
leachates from 1 to 14 and from 15 to 28 were obtained from the duplicate non-spiked 
Carnon sample extraction, leachates from 29 to 42 and from 43 to 56 were obtained from the 
duplicate Carnon 80% m/m and 20% m/m humic acids sample extractions and leachates 
from 57 to 70 and from 71 to 84 were obtained when the extraction protocol was applied to 
the C a m o n 70% m/m and humic acids 3 0 % m/m. Data processing for the NIST-2711 
sequential leachates was carried out in exactly the s a m e way and formed Matrix A for the 
NIST-2711. The data for the humic acid extraction (18 elements by 28 extracts) was treated 
separately. 
Chemometric processing of the data was conducted a s described in Chapter 2, but instead 
of using several software packages, the whole process was rewritten in M A T L A B 6.0 
(Mathwori<s Inc., Natick, MA) so that the P C A , MLR and iterative processes could be 
performed using the s a m e software. This revised data treatment included the ability to plot 
the number of iterations needed against number of components. This allowed the optimum 
number of components to be chosen in terms of the best-fit and minimum number of 
iterations. 
This reviewed data processing method enabled not only a saving of time, but also easier 
data handling and a more accurate choice of the number of components for the model. 
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5 . 3 R E S U L T S A N D D I S C U S S I O N 
5.3.1 HUMIC A C I D S 
The data processing procedure identified 8 chemically distinct components in the humIc acid 
extracts. Data obtained is shown in Table 5.3.1. Figure 5.3.1 shows the extraction profiles 
and the composition of each of these fractions. 
Fraction 1 was >90% sodium and was extracted In the first de-ionised water extract and 
could be attributed to the easily soluble sodium salt fraction of the humic material. Fraction 2 
appeared in extracts 4, 5 and 6 (0.01 to 0.05 M H N O 3 ) and was principally made up of C a 
(85%) with minor amounts of Mg (8%) and Na (5%). S ince this fraction was removed at 
fairiy low acid concentration it is probably derived from the weakly bound 'exchangeable' 
cations on the humic acid molecule. 
Fractions 3-6 were extracted over a broad range of extracts (see Figure 5.3.1) and were 
made of combinations of Al, F e , C a , Mg, Na and S . The exact origin of these fractions is not 
clear but is probably associated with either, breakdown products of the molecule or release 
of metals from a range of binding sites. Literature studies have shown all of these metals to 
be associated with different binding sites in humic type mater ia ls^^^V 
Fraction 7 was only extracted at the higher acid concentrations (extracts 9-14, 0.5-5M H N O 3 ) 
and was made up F e (74%) and Al (23%). This fraction accounts for 70% of the total 
extractable iron in the humic acid. The total F e extracted (8800 mg kg"^) is in reasonable 
agreement with the study of Peramaki et a / . ^ which measured the total F e in Aldrich humic 
acid (10900 mg kg"^). This fraction is probably derived from the breakdown of stable 
Fe/humic complexes that are known to exist in humic materials^^. 
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Fraction 8 was extracted with extracts 13 and 14 (5M H N O 3 ) and was made up from Na 
(45%), S (27%), Ca (15%) and Al (10%). Since this fraction was only extracted with the 
highest concentration of acid used it probably represents a breakdown product of the humic 
molecule which is being digested in the H N O 3 . 
In summary, the extraction procedure seemed to identify a combination of different binding 
sites and breakdown products of the humic material. 
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T A B L E 5.3.1.-DATA OBTAINED (mg kg"^ ) F O R T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM T H E HUMIC A C I D S 
Extractant Al Ba C a Cd Cu Fo K Mg Mn Na P Pb S SI Sr Ti V Zn 
1a Dl HjO 135.65 12.13 479.54 1.54 0.32 147.89 18.05 70.53 7.32 10525.30 1.05 1.05 878.42 23.71 3.39 1.14 0.64 8.75 
2a Dl HjO 61.52 0.84 139.87 1.93 0.17 72.99 7.43 17.27 2.77 1867.13 1.05 1.57 220.28 1.20 1.06 0.49 0.44 2.26 
3a 0.01 M H N O 3 53.54 0.38 146.52 1.75 0.01 54.39 3.74 21.43 2.69 3032.82 3.67 1.10 120.07 1.20 1.19 0.39 0.44 2.47 
4a 0.01 M H N O 3 26.40 0.38 200.48 1.78 0.01 12.45 5.84 42.42 2.95 2650.58 1.40 0.90 14,18 1.20 1.73 0.06 0.19 2.13 
5a 0.05 M HNO3 267.15 43.89 13367.65 1.87 0.01 125.03 25.01 1316.77 202.49 2462.88 5.02 0.90 56,94 11,05 111.91 0.06 0.40 13.99 
6a 0.05 M H N O 3 712.93 53.03 6959.79 1.60 0.02 429.18 6.36 293.65 84.25 365.90 3.62 0.90 23.31 10.88 71.39 0.74 1.56 10.93 
7a 0.1 M H N O 3 716.89 36.54 1889.10 1.93 0.05 446.06 8.14 40.03 15.27 71.03 19.83 3.97 2.67 7.88 24.77 2.70 1.86 4.94 
ea 0.1 M HNOa 696.21 24.39 587.94 1.79 0.06 480.62 1.56 10.22 5.39 74.24 23.20 1.03 2.67 20.47 9.48 3.01 1.54 4.48 
9a 0.5 M HNO3 434.08 27.95 198.33 1.90 0.29 1094.50 1.46 3.55 1.33 50.69 14.56 1.12 2.67 1.20 4.68 13.08 1,84 1.63 
10a 0.5 M HNO3 391.80 8.95 53.84 1.83 0.20 878.75 1.27 4.01 0.90 67.08 27.95 0.90 2.67 2.18 1.50 11.25 0.91 1.21 
11a 1 M H N O 3 390.69 3.23 25.76 1.36 0,06 1234.64 1.30 1.91 0.81 61.05 16.66 0.90 2.67 1.20 0.89 11.90 0.69 0.96 
12a 1 M H N O 3 447.76 0.38 18.07 1.21 0.01 771.75 1.23 2.03 0.74 46.84 22.03 2.94 2.67 1.20 0.73 9.43 0.66 0.66 
13a 5 M H N O 3 809.36 1.00 69.06 1.72 1.61 1983.60 1.45 9.91 2.06 47.96 35.95 1.24 221.65 8.10 1.89 25.27 1.38 1.32 
14a 5 M H N O 3 977.56 0.79 52.93 1,19 1.92 1046.25 1.23 6.11 2.46 79.95 48.52 0.90 391,43 13.27 3.72 16,80 0.84 1.98 
lb Dl H2O 126,41 28.98 383.92 1.14 0.19 134.94 26.48 56.33 6.54 11598.93 1.05 1.86 839.13 19.28 2.90 0.79 0.72 8.10 
2b 01 H2O 48.58 0.38 124.25 2.11 0.29 54.10 5.14 12.97 2.49 1809.66 1.05 0.90 181.78 1.20 1.05 0.23 0.62 2.33 
3b 0.01 M H N O 3 41.10 0.38 403.27 1.85 0.01 17.57 15.99 79.90 6.00 4482.95 1.05 0.90 98.12 1.20 3.45 0.06 0.09 4.24 
4b 0.01 M HNO3 43.55 9.08 3495.10 1.72 0.01 1.77 13.08 592.06 48.15 2552.31 1.05 3.57 18.53 1.20 27.43 0.06 0.30 4.64 
5b 0.05 M HNO3 268.40 89.63 14352.41 1.83 0.01 478.96 6.11 897.73 202.73 736.25 2.10 1.91 58.75 16.27 134.97 0.47 1.58 12.63 
6b 0.05 M HNOa 616.86 38.25 3608.65 1.56 0.05 383.35 3.79 187.45 42.41 187.38 4.65 1.91 30.47 10.51 38.22 1.70 1.75 11.11 
7b 0.1 M H N O 3 630.39 27.37 1370.46 2.01 0.04 405.67 14.47 55.62 13.98 186.22 7.51 2.00 2.67 6.13 16.70 3.88 2.10 3.25 
8b 0.1 M HNO3 678.31 17.44 440.62 1.95 0.07 447.73 6.41 16.77 5.28 93.15 24.08 0.90 2.67 18.09 6.82 4.13 1.21 3.77 
gb 0.5 M HNO3 459.70 17.75 184.21 1.83 0.26 1170.91 1.23 8.31 2.14 88.53 22.13 2.36 2.67 1.20 3.64 14.26 1.39 1.70 
10b 0.5 M HNOa 493.70 2.38 56.62 1.88 0.02 861.69 1.51 4.30 1.26 79.14 18.16 0.90 2.67 1.20 1.42 10.98 0.71 1.24 
11b 1 M HNO3 391.36 0.38 27,49 1.30 0.02 1092.85 1.46 2.98 1.04 4.10 38.15 0.90 2.67 1.30 1.00 11.30 0.66 0.79 
12b 1 M HNO3 488.60 0.38 20.62 1.12 0.06 789.50 1.32 1.67 0.94 49.87 21.77 1.81 111.45 1.32 0.85 8.95 0.28 0.45 
13b 5 M HNO3 811.23 0.38 74.22 1.92 2.04 2071.54 1.23 7.91 2.63 69.38 36.38 0.90 191.60 8.05 2.26 26.97 1.46 
1.41 
14b 5 M HNOa 991.36 0.38 51.73 1.11 1.22 1060.63 1.23 11.71 2.38 74.61 43.14 0.90 307.12 13.33 3.39 18.45 0.67 1.25 
•Where the concentration of a particular element was found to 
allow data processing. These values are marked In bold. 
be less than the LCD of the method, the obtained value was substituted by a value of half the detection limit to 
156 
CHAPTER 5 THE E F F E C T OF HUMIC A C O S ON THE SEQUENTIAL EXTRACTION OF METALS FROM SOILS & SEDIMENTS 
F IGURE 5.3.1.- PHYSICO-CHEMICAL FRACTIONS FOUND FOR HUMIC ACIDS 
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5.3 .2 S E Q U E N T I A L L E A C H D A T A F O R T H E C A R N O N S A M P L E 
Data obtained for the unspiked and the two spiked Camon sediment samples is shown in 
Tables 5.3 2, 5.3.3 and 5.3.4. The three data sets were processed together as a single data 
matrix, A. A plot of fitness of the model versus number of components for the Camon 
sample (Figure 5.3.2) showed that ten components should be used to describe the model, 
i.e. a minimum value was obtained. Using a smaller number of components would facilitate 
explanation of most of the model, but some physico-chemical components would appear 
mixed. 
F I G U R E 5.3.2.- NUMBER O F ITERATIONS REQUIRED IN T H E DATA P R O C E S S I N G AND FPFNESS O F 
T H E M O D E L A G A I N S T N U M B E R O F C O M P O N E N T S F O R T H E C A R N O N D A T A S E T 
m 100 
- - - - - - - f 0.2 
8 9 10 11 12 13 14 15 16 
Component number 
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A plot of rotated Eigenvalues against number of components can be seen in Figure 5.3.3. It 
can be seen from the graph that the rotated Eigenvalues decreased until reaching a 
minimum of ten components. In this case no big steps between components was observed 
and the plot of fitness helped the choice of the number of components. 
F I G U R E 5.3.3.- R O T A T E D E I G E N V A L U E S OBTAINED FROM PRINCIPAL COMPONENTS A N A L Y S I S 
F O R T H E CARNON DATA S E T 
6) 0.2 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
Principal Components 
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T A B L E 5.3.2.-DATA OBTAINED (mg kg" )^ F O R T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM T H E UNSPIKED C A R N O N SAMPLE 
Extractant Al Ba C a Cd Cu Fe K Mg Mn Na P Pb S Si Sr TI V Zn 
1a Dl HjO 0.27 0.38 2873.39 1.21 11.22 0.58 836.43 2263.19 6.20 10341.92 2.75 0.90 3759.68 5.94 29.66 0.08 0.11 54.04 
2a Dl H2O 0.27 0.38 468.73 0.69 4.04 0.58 94.83 179.49 0.79 765.74 1.05 0.90 729.01 1.54 3.48 0.06 0.10 3.54 
3a 0.01 M HNO3 11.77 2.60 1577.11 0.89 32.23 0.58 92.56 458.78 6.50 85.99 1.40 1.65 134.57 27.82 11.48 0.06 0.14 212.55 
4a 0.01 M HNOa 89.35 1.86 1263.61 1.00 129.51 16.83 69.52 367.55 7.82 0.18 8.36 0.90 62.71 34.78 9.27 0.06 0.09 381.96 
5a 0.05 M HNOa 675.46 4.20 2070,35 1.44 625.75 334.63 130.28 625.52 16.74 0.18 75.82 19.51 38.73 121.72 15.07 0.06 1.54 1113.43 
6a 0.05 M HHO3 673.93 1.33 794.28 0.92 347.65 488.77 57.75 505.43 8.86 0.18 41.16 23.34 8.52 148.59 4.29 0.06 1.65 574,35 
7a 0.1 M HNO3 520.76 0.38 306.07 0.73 154.99 696.13 24.90 240.26 3.85 0.18 33.10 22.13 8.43 146.94 1.21 0.17 2.14 238,81 
8a 0.1 M HNO3 616.00 2.07 372.29 0.84 93.24 554.76 25.55 198.43 4.85 0.18 15.85 11.11 2.67 232.53 0.93 0.08 1.10 225.58 
9a 0.5 M HNO3 413.73 0.38 184.64 0.79 74.45 1682.32 27.76 61.82 2.07 0.18 90.24 31.69 47.81 190.53 0.53 0.82 3.73 83.63 
10a 0.5 M HNO3 606.11 0.38 227.63 0.88 56.70 2411.36 26.19 83.19 3.70 4.65 119.69 18.87 40.66 337.67 0.71 1.21 7.00 107.19 
11a 1 M HNO3 492.25 0.38 178.87 0.97 28.54 2171.67 25.91 59.56 3.00 0.18 117.99 13.08 47.75 232.81 0.55 1.62 5.35 65.34 
12a 1 M HNO3 522.32 0.98 197.74 0.88 22.73 2316.84 25.29 56.74 3.29 7.39 126.08 9.21 53.06 199.90 0.60 1.82 5.36 56.76 
13a 5 M HNO3 671.04 4.89 256.61 0.79 25.31 2338.10 34.53 63.76 3.87 18.26 157.80 8.85 162.50 159.43 0.71 2.50 4.95 53,49 
14a 5 M HNO3 1309.66 10.02 444.00 0.90 66.53 4311.96 89.02 154.64 10.21 11.32 240.82 10.91 1205.14 127.95 1.18 7.55 6.93 133.94 
lb Dl H2O 0.27 2.35 3278.48 1.16 11.28 0.58 816.96 2195.24 6.35 10151.03 2.11 0.90 3898.40 5.98 31.31 0.06 0.09 46.35 
2b Dl H2O 0.27 0.38 486.93 0.70 3.92 0.58 120.38 250.30 0.92 1262.36 1.05 0.90 778.16 1.57 4.36 0.06 0.09 3.61 
3b 0.01 M HNOs 45.39 4.16 1108.53 0.83 75.20 3.48 89.76 366.43 5.24 147.83 4.50 0.90 136.91 23.26 8.69 0.06 0.09 237.51 
4b 0.01 M HNO3 57.25 0.84 938.69 1.02 67.14 14.07 68.43 351.58 5.20 22.48 2.35 1.74 65.19 25.02 6,88 0.06 0,23 189,36 
5b 0.05 M HNO3 406.13 1.36 1697.81 1.47 408.78 224.17 97,86 506.86 13.25 0.18 44.59 15.21 29.21 80.36 12.76 0.06 0.92 798,93 
6b 0.05 M HNO3 675.15 1.30 1317.87 1.33 471.86 402.34 87.50 591.24 13.30 0.18 51.09 18.82 14.66 143.60 9.07 0.06 1.49 857,24 
7b 0.1 M HNO3 526.78 0.38 366.48 0.94 214.05 538.82 34.70 329.41 4.85 5.12 32.41 23.27 6.57 116.59 1.75 0.10 1.49 311.38 
8b 0.1 M HNO3 712.39 2.28 378.63 0.81 130.12 858.36 35.03 274.44 5.69 0.18 27.91 19.72 5.69 241.68 1.07 0.18 1.68 299.37 
Sb 0.5 M HNO3 461.01 0.38 186.65 0.83 81.49 1622.46 24.84 78.76 2.37 0.18 92.65 27.16 40.05 210.19 0.60 0.83 3.80 105.36 
10b 0.5 M HNO3 698.58 0.86 247.91 0.66 67.09 2561.04 28.52 102.96 4.18 6.75 128.60 20.52 35.98 381.33 0.78 1.27 7,45 134.22 
l i b 1 M HNO3 564.90 0.89 200.78 0.48 32.49 2408.09 31.47 71.06 3.37 4.12 142.50 15.12 59.01 265.56 0.62 1.97 5.92 78.07 
12b 1 M HNO3 580.10 0.77 214.44 0.95 25.39 2590.19 30.51 65.39 3.69 4.66 143.32 10.86 53.13 223.12 0.67 2.25 6.11 65,74 
13b 5 M HHO3 852.57 4.84 339.85 0.79 31.48 3016.03 46.51 81.94 4.88 16.43 212.10 6.72 209.11 215.86 0.90 3.82 6.12 68.54 
14b 5 M HNO3 1338.64 10.83 477.36 1.06 65.26 4057.90 83.79 160.54 10.39 19.99 205.94 10.22 1223.62 100.53 1.19 6.87 6.29 135.84 
'Where the concentration of a particular element 
allow data processing. These values are marked 
was found to be less than the LCD of the method, the obtained value was substituted by a value of half the detection limit to 
in bold. 
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T A B L E 5.3.3.-DATA OBTAINED (mg kg"^ ) F O R T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM 80% m/m C A R N O N AND 20% m/m HUMIC ACIDS 
SAMPLE 
Extractant Al Be C a Cd Cu Fc K Mg Mn Na P Pb S Si Sr Tl V Zn 
1a DI H2O 2.81 7.44 993.45 1.33 21.21 1.06 357.18 548.95 4.38 10664.52 1.62 0.90 2576.42 7.18 8.16 0.06 0.22 34.73 
2a DI H2O 2.84 0.38 127.34 1.28 17.80 2.50 54.84 46.38 0.91 1486.32 1.05 0.90 697.85 6.95 1.12 0.06 0.14 7.88 
3a 0.01 M HNO3 8.55 0.38 591.06 1.04 14.41 o.se 112.04 271.66 5.50 1258.12 2.70 0.90 124.54 28.25 4.60 0.06 0.04 38.10 
4a 0.01 M HNO3 25.84 0.38 1634.19 0.95 13.63 0.58 68.70 656.09 16.35 409.86 1.05 0.90 42.30 26.73 12.16 0.06 0.23 90,38 
5a 0.05 M HNOa 422.63 22.56 7394.97 1.72 140.67 201.96 92.34 1281.92 80.20 114.97 19.11 1.82 64.11 54.13 60.87 o.oe 1.00 806.66 
6a 0.05 M HNO3 559.76 13.67 2299.33 1.70 148.55 356.70 44.43 472.71 21.11 26.95 19.74 0.26 18.81 99.85 20.45 0.28 1.87 428.44 
7a 0.1 M HNO3 560.16 11.05 773.63 1.34 168.45 498.80 20.47 175.78 7.11 0.18 33.97 5.13 2.67 109.83 8.07 1.10 2.51 196.03 
8a 0.1 M HNO3 790.29 12.12 397.74 0.94 150.76 797.02 23.67 162,46 6.00 6.75 34,19 5.59 2.67 282.63 3.30 1.30 3.51 201.03 
9a 0.5 M HNO3 431.55 6.02 138.50 1.18 159,44 1670.62 14.59 38.80 1.80 10.59 81.67 29.65 11.10 113.33 1.27 4.32 3.16 51.87 
10a 0.5 M HNOa 1683.75 13.50 481.11 1.14 123.29 3551.83 44.39 124.12 7.12 41.16 198.99 31.05 46.45 447.08 3.05 7.92 8.67 123.73 
11a 1 M HNO3 872.86 6.93 226.47 1.26 53.86 2598.82 25.02 49.58 3.35 9.76 151.62 18.85 35.62 186.31 2.33 7.94 3.50 36.85 
12a 1 M HNO3 354.37 1.03 69.61 1.30 15.02 787.89 3.02 16.94 1.36 17.96 47.26 5.06 2.67 57.83 1.03 3.16 1.10 8.32 
13a 5 M HNO3 598.40 2.67 167.39 1.51 36.87 1901.24 14.73 31.14 2.70 23.55 99.10 9.20 288.49 96.21 1.54 9.82 1.93 18.54 
14a 5 M HNO3 685.03 3.83 162.10 1.14 27.18 1633.15 21.21 46.79 4.02 28.79 72.89 1.85 686.02 48.73 1.73 6.20 1.93 46.81 
lb DI H2O 0.27 9.59 1257.70 1.10 13.69 0.58 405.00 656.75 4.55 9948.68 1.05 0.90 2446.06 2.81 11.21 0.06 0.09 36.31 
2b 01 H2O 0.27 0.38 147.83 1.14 22.25 1.58 62.97 58.63 0.95 1581.01 1.05 0.90 821.74 2.67 1.27 0.06 0,20 11.37 
3b 0.01 M HNO3 9.45 0.38 547.29 1.04 17.83 0.58 108.02 236.16 4.73 1200.22 2.10 0.90 165.07 28.89 4.35 0.06 0.16 41.40 
4b 0.01 M HNO3 17.25 0.38 1283.87 0.94 12.85 0.58 73.74 521.57 12.46 400.12 1.05 0.90 48.99 22.32 9.70 0.06 0.15 76.54 
5b 0.05 M HNO3 466.18 18.38 6709.99 1.76 167.34 194.91 93.30 1227.25 81.62 136.49 23.70 4.47 56.42 71.46 54.91 0.06 1.19 877.35 
6b 0.05 M HNO3 546.25 12.83 2059.13 1.16 159.60 323.10 32.12 427.15 19.03 42.22 21.03 1.62 12.53 80.53 18.33 0.26 1.70 419.79 
7b 0.1 M HNO3 555.97 9.92 709.08 1.18 195.32 490.04 13.64 185.56 6.32 35.05 35.56 8.02 2.67 111.08 7.03 1.05 2.52 207.01 
eb 0.1 M HNO3 776.58 11.18 403.61 1.05 157.54 756.44 24.28 177.99 5.85 50.27 35.38 9.95 2.67 281.21 2.87 1.12 3.33 215.94 
Sb 0.5 M HNOs 401.62 5.85 145.36 1.11 161.56 1600.00 12.82 44.48 1.86 4.89 79.32 29.61 17.42 117.49 1.04 3.75 3.04 58.16 
10b 0.5 M HNO3 1739.57 13.03 556.49 1.14 134.77 4117.78 50.38 143.02 7.89 18.63 207.48 35.41 56.73 516.73 3.01 6.92 10.15 148.31 
l i b 1 M HNO3 708.87 5.94 215.61 1.28 48.17 2416.38 33.86 45.83 3.03 15.25 135,67 18.42 28.01 174.98 1.79 6.13 3.51 36.87 
12b 1 M HNOa 355.77 1.71 75.01 1.16 16.34 918.12 5.19 19.48 1.46 5.16 59.36 4.44 3.28 64.45 1.00 3.02 1.43 10.66 
13b 5 M HNO3 482.55 2.56 136.60 1.38 35.43 1716.17 13.78 26.99 2.27 4.18 93.75 9.29 160.91 66.43 1.34 7.36 1.53 15.65 
14b 5 M HNOs 813.12 4.62 216.69 1.09 39.52 2280.48 30.40 53.80 4.41 16.54 85.39 1.98 984.63 66.42 1.91 6.32 2.91 66.93 
'Where the concentration of a particular element was found to 
allow data processing. These values are marked In bold. 
be less than the LOD of the method, the obtained value was substituted by a value of half the detection limit to 
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T A B L E 5 .3 .4 . -DATA OBTAINED (mg kg'^) F O R T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM 7 0 % m/m C A R N O N AND 3 0 % m/m HUMIC ACIDS 
SAMPLE 
Extra eta nt Al Ba C a Cd Cu FO K Mg Mn Na P Pb S SI Sr Tl V Zn 
1a Dl HjO 0.27 10.66 1711.99 1.45 18.20 0.58 492.72 1012.90 6.27 9978.83 2.43 0.90 2852.30 6.65 13.97 0.06 0.09 60.21 
2a Dl HzO 0.27 0.38 175.92 1.43 9.93 0.58 73.94 87.37 0.90 1278.37 1.05 0.90 620.28 2.08 1.60 0.06 0.17 5.00 
3a 0.01 M HNOa 14.14 0.90 1726.52 1.57 24.02 0.58 130.34 711.10 14.62 588.13 1.05 0.90 2.67 47.11 12.98 0.08 0.25 151.76 
4a 0.01 M HNO3 64.61 0.77 2532.26 1.57 47.10 10.74 77.94 753.23 24.03 124.69 3.87 0.90 35.95 35.88 18.91 0.08 0.09 313.73 
5a 0.05 M HNO3 677.10 18.66 5428.84 2.04 368.75 361.94 84.53 932.52 46.04 47.25 50.29 7.65 34.34 80.61 44.90 0.08 1.93 1078.75 
6a 0.05 M H N O 3 579.06 6.02 1148.25 1.53 200.60 404.17 33.08 395.49 10.75 28.32 30.85 9.68 2.67 119.53 9.39 0.14 1.97 389.26 
7a 0.1 M HNO3 521.03 3.70 332.64 1.47 197.80 624.48 13.08 149.25 3.61 26.08 37.31 11.85 2.67 124.42 2.96 0.86 2.53 170.45 
8a 0.1 M HNO3 803.79 6.91 367.77 1.37 139.57 802,50 22.82 187.03 5.93 43.84 37.53 4.67 2.67 325.67 1.81 0.78 3.23 230.79 
9a 0.5 M HNO3 403.17 0.76 127.25 1.63 140.64 1756.28 13.43 44.76 1.78 0.18 100.49 26.05 11.13 132.06 0.72 2.80 3.39 55.70 
10a 0.5 M HNO3 1999.89 12.67 569.46 1.45 115.71 4357.40 51.85 148.44 8.13 20.55 237.48 32.43 43.77 539.08 2.52 5.50 10.52 153.44 
11a 1 M HNO3 1010.34 6.90 240.28 1.36 39.61 2557.03 25.01 56.25 3.65 36.86 174.01 13.20 32.24 217.11 1.60 5.26 4.04 45.35 
12a 1 M HNO3 451.32 0.76 84.73 1.60 13.41 957.28 8.38 21.75 1.66 0.18 77.38 1.33 2.67 77.08 0.84 2.98 1.37 11.93 
13a 5 M H N O 3 628.78 1.81 169.97 1.29 25,44 1525.83 17.12 37.55 2.57 0.18 106.83 5.43 150.55 105.17 1.10 6.05 1.81 17.54 
14a 5 M H N O 3 883.31 3.25 197.74 1.47 33.82 2012.11 31.90 54.80 4.95 17.97 103,80 1.49 819.58 82.44 1.32 6.41 2.44 54.24 
1b 01 H2O 0.27 7.71 1559.95 1.51 14.07 0.58 460.08 1056.21 4.79 8802.52 1.77 0.90 2519.48 3.32 13.86 0.06 0.10 48.10 
2b Dl H2O 0.27 0.38 170.35 1.53 11.16 0.58 72.43 84.82 0.74 1154.88 1.05 0.90 664.58 1.19 1.56 0.06 0.09 6.29 
3b 0.01 M HNO3 9.19 0.38 1331.79 1.47 26.20 0.58 111.60 533,08 11.13 522.14 3.28 0.90 11847 40.23 10.59 0.06 0.13 166.84 
4b 0.01 M H N O 3 53.89 0.83 2109.28 1.37 42.23 4.86 74.29 668.64 18.79 135.17 4.71 0.90 66.26 39.78 15.90 0.06 0.35 277.38 
5b 0.05 M HNO3 603.74 13.89 4420.57 1.80 363.68 285.69 79.73 833.66 36.80 78.62 37.22 10.54 27.02 73.40 36.04 o.oe 1,71 956.37 
6b 0.05 M HNO3 537.78 5.90 1148.76 1.47 226.29 378.43 29.78 401.31 10.73 15.51 27.58 7.90 2.67 108.33 9.16 0.18 1.98 391.57 
7b 0.1 M H N O 3 469.39 2.94 371.40 0.99 170.30 475.25 13.28 167.87 3.95 26.72 25.83 8.44 2.67 11541 2.87 0.48 2.25 180.84 
Bb 0.1 M HNOa 784.36 7.00 396.61 1.33 157.86 832.29 24.21 185.99 5.66 37.37 34.30 11.55 2.67 302.12 1.82 0.66 2.97 229.62 
9b 0.5 M HNOa 371.95 1.02 124.04 1.31 121.40 1563.03 13.52 41.33 1.72 20.24 86.16 23.54 13.20 126.33 0.65 2.25 2.99 53.75 
10b 0.5 M HNO3 1860.54 11.68 594.46 1.36 114.97 4572.68 54.42 150.97 8.15 25.42 227.27 31.30 61.94 558.24 2.34 5.18 11.34 161.51 
l i b 1 M HNO3 941.60 6.62 252.85 1.18 38.87 2726.62 26.69 57.45 3.87 23.24 194.34 16.42 51.38 231.16 1.58 5.61 4.46 46.81 
12b 1 M HNO3 389.65 0.80 78.36 1.13 10.40 804.61 4.52 21.27 1.58 0.18 59.90 5.30 2.67 73.47 0.74 2.09 1.48 11.53 
13b 5 M HNO3 571.40 1.99 146.47 1.16 23.62 1416.68 13.65 31.80 2.49 24.85 103.24 1.50 173.03 98.49 0.92 4.86 1.80 17.70 
14b 5 M HNO3 786.44 2.65 197.31 1.29 38.78 2154.68 31.52 60.90 5.11 4.79 105.65 0.91 941.35 62.38 1.17 5.46 2.73 65.43 
•Where the concentration of a particular element 
allow data processing. These values are marked 
was found to be less than the LOD of the method, 
In bold. 
the obtained value was substituted by a value of half the detection limit to 
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5.3.3 P H Y S I C O - C H E M I C A L C O M P O N E N T S F O U N D IN R I V E R C A R N O N S A M P L E 
The first and most easily extracted fraction (fraction 1) was totally removed by two initial Milli-
Q water extractions. This fraction was principally made up from Na (70%) and S (23 %) and 
smaller amounts of Ca, Mg and K. The ease of removal of this fraction suggests that it could 
be derived from residual salts from the original pore-water in the soil and the soluble sodium 
humate. Clearly it is the water-soluble fraction that is first to be brought into solution in any 
sequential scheme. 
The second fraction extracted with H N O 3 (0.01 M) was dominated by Ca (66%) and Mg 
(12%). This fraction increases approximately in proportion to the amount of humic acids 
added. Since a similar fraction was found In the HA on its own (Figure 5.3.1, fraction 2) this 
is probably the HA exchangeable fraction. 
The third fraction (fraction 3) was removed using H N O 3 (0.05M) and consisted mainly of Zn 
(31%), Ca (23%). Al (19%) and Cu (16%). This represented the Zn-carbonate phase. This 
fraction decreased when the proportion of humic acids increased in the sample and this 
could be due to Cu and Zn binding to the humic acids and therefore being less 
extractable^'*^'^^^. The soil under study did not contain high levels of Pb, which would 
normally appear in this fraction. This fraction would typically be extracted by sodium acetate 
when following Tessier's scheme. 
Hydrous oxides of Mn and Fe are normally extracted together, these being well known 
"sinks" in the environment for heavy metals" . Amorphous iron oxyhydroxide [Fe(OH)3nH20J 
is chemically more reactive than the crystalline forms and the two may be found separated. It 
is known that both Fe and Mn, due to their similar ionic ratio and chemical properties, form 
mixed oxides. The fraction removed by 0.5 ^ 5M H N O 3 (fraction 4) was made up of Fe (67%) 
and smaller amounts of Al (13%) and Si (5%). Fraction 5 was mainly removed by 5M H N O 3 
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presenting a well defined extraction window and was made up of Fe (61 %) and smaller 
amounts of Al (24%) and S (11%). Fraction 7 appeared in extracts 0.05 < 0.5M H N O 3 and 
was made up principlally of Fe (57%) and Na (19%). This fraction could be identified as the 
iron oxide amorphous phase in the soil sample. Thus fraction 4 which was extracted with the 
higher acid concentration could be the crystalline iron oxide fraction. Both fractions adopt the 
same extraction profile as the amount of humic acids is increased becoming more 
extractable at the same pH (extract 9) and will probably be related to the interaction of humic 
acids with iron oxide phases. Fraction 5 increased when the proportion of humic acids 
increased and a similar fraction was found when humic acids were analysed (fraction 7 in 
HA). This fraction could be identified as the iron humic complex derived from the original 
Aldrich humic acid material, it is interesting to note that a small amount of this fraction can 
be seen in the soil sample before any additional humic acids are added and could reflect the 
presence of an iron humic fraction naturally present in the sample. 
Fraction 6 was removed using milli-Q water and comprised Ca (47%), Mg (33%), Na (9%) 
and K (8%). This fraction could be identified as free calcium and magnesium existing in the 
soil sample which are subsequently complexed by humic acids and released later on as part 
of the exchangeable phase (fraction 2). 
Fractions 8, 9 and 10 were found to be minor fractions that experienced slight changes when 
humic acids were added. Very little solid was extracted and so the amount of information 
provided is very limited. 
The amount of solid extracted for each fraction with each leache is shown in Figure 5.3.4. 
The elemental composition for each fraction is shown in more detail in Figure 5.3.5. 
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F IGURE 5.3.4.- P R O F I L E S FOR T H E PHYSICO-CHEMICAL FRACTIONS IN THE CARNON DATA S E T 
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F I G U R E 5.3.5.- E L E M E N T A L COMPOSITION FOR T H E PHYSICO-CHEMICAL FRACTIONS F O R T H E 
CARNON DATA S E T 
Major components: 
Fraction 1 Fraction 2 Fraction 3 
M g 4 
Fraction 4 Fraction 5 Fraction 6 
Na 10% 
Mg ^ 4 7 0 / , 
K8% 
Minor components: 
Fraction 7 Fraction 8 
Si 6% A I6% Cu Na 133^ 
Fe 57% 
Fraction 10 
Si 17% 
Na11% 
Mg 10% 
Legend: 
• Al " B a ° C a ° C d " C u ° F e " K ° M g " M n " N a ° P " P b " S " S i " S r " T i " V ° Z n 
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5.3.4 S E Q U E N T I A L L E A C H D A T A F O R N I S T - 2 7 1 1 
Data obtained for the NIST-2711 sample and the two spiked soil samples can be seen in 
Tables 5.3.5. 5.3.6 and 5.3.7. As with the data set from the Camon samples, the three data 
matrices were processed together as a single data set. A plot of fitness of the model versus 
number of components for the NIST-2711 sample (Figure 5.3.6) showed that seven 
components should be used to describe the model. In this case there is a step between the 
seventh and the eighth component indicating that further components would provide very 
little information. 
A plot of rotated Eigenvalues against number of components is shown in Figure 5.3.7. In this 
case the plot of fitness of the model against number of components confirmed a number of 
seven components as the optimum number to describe the model. 
F I G U R E 5.3 .6 . - NUMBER O F ITERATIONS REQUIRED IN T H E DATA P R O C E S S I N G AND F ITNESS O F 
THE MODEL AGAINST NUMBER O F COMPONENTS FOR THE N I S T - 2 7 1 1 DATA S E T 
• 0.4 
3 4 5 6 7 8 9 10 11 12 13 14 15 16 
Component number 
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F I G U R E 5.3.7.- R O T A T E D E I G E N V A L U E S OBTAINED FROM PRINCIPAL COMPONENTS A N A L Y S I S 
FOR T H E NIST-2711 DATA S E T 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
Principal Components 
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T A B L E 5 .3 .5 . -DATA OBTAINED (mg kg'^) F O R T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM UNSPIKED N I S T - 2 7 1 1 SAMPLE 
Extracts nt Al Ba C a Cd Cu Fe K Mg Mn Na P Pb S SI Sr Tl V Zn 
1a Dl HjO 0.27 0.38 111.08 0.86 1.54 0.58 80.77 17.06 0.10 34.85 2.40 0.90 6.51 32.54 0.37 O.oe 0.15 0.10 
2a Dl H2O 2.35 0.38 61.66 0.95 0.83 0.58 58.63 8.62 0.10 20.41 6.20 0.90 2.67 24.89 0.24 0.08 0.09 0.10 
3a 0.01 M HNO3 4.50 6.18 1916.44 1.33 0.70 0.58 211.44 169.76 2.95 26.69 3.19 1.99 2.67 39.85 4.11 0.06 0.11 3.00 
4a 0.01 M HNO3 7.70 5.08 2159.82 1.63 0.78 0.58 182.77 162.63 7.30 16.99 4.12 6.57 4.14 45.68 4.34 0.06 0.09 4.10 
5a 0.05 M HNOJ 136.20 23.31 4781.41 7.70 5.06 27.97 183.47 252.97 41.19 28.45 32.88 131.65 16.76 95.89 8.57 0.07 0.40 19.49 
6a 0.05 M HN03 286.20 34.62 6036.01 12.01 10.15 56.38 190.08 309.11 96.86 14.54 68.76 243.10 24.35 168.39 9.65 0.10 0.76 30.94 
7a 0.1 M HNOa 225.05 26.77 3282.27 7.76 8.41 66.58 114.13 227.74 79.44 25.77 73.29 190.26 12.74 121.30 5.38 0.38 0.59 22.26 
6a 0.1 M HNO3 557.92 33.13 2312.40 7.55 13.09 130.76 111.96 388.33 60.82 0.18 170.85 313.74 2.67 244.77 4.12 0.65 1.34 30.22 
ga 0.5 M HNO3 733.89 14.74 815.86 2.07 10.16 306.15 92.90 239.16 23.84 11.14 169.82 162.66 2.67 194.50 1.66 3.19 1.07 13.10 
10a 0.5 M HNO3 470.73 6.27 176.90 1.16 5.15 185.44 67.64 135.22 10.03 5.80 44.98 29.01 2.67 216.32 0.67 2.37 0.60 7.94 
11a 1 M HNO3 509.62 4.27 62.44 0.95 3.50 207.08 83.73 94.74 6.58 7.83 31.50 16.54 2.67 256.66 0.55 3.85 0.53 7.15 
12a 1 M HNO3 356.03 1.20 18.40 0.98 1.53 92.73 49.84 54.15 3.48 25.80 19.40 3.49 2.67 191.25 0.36 2.88 0.28 3.57 
13a 5 M HNO3 657.55 3.00 19.25 1.35 4.00 186.36 112.66 103.29 7.00 18.74 39.09 13.06 2.67 254.88 0.64 5.72 0.57 8.65 
14a 5 M HNO3 797.23 3.13 18.58 1.27 3.52 217.88 120.38 134.57 10.32 24.63 37.25 6.66 2.67 187.47 0.79 6.99 0.66 9.77 
lb Dl H2O 3.36 0.38 111.12 0.69 0.69 0.58 81.57 16.68 0.14 59.07 3.65 0.90 6.97 34.19 0.37 0.06 0.11 0.10 
2b Dl H2O 1.89 0.38 62.30 0.93 0.37 0.58 64.53 9.61 0.10 53.68 2.82 0.90 2.67 27.14 0.24 0.06 0.14 0.10 
3b 0.01 M HNO3 1.16 5.30 2240.22 1.17 0.21 0.58 214.23 177.79 2.43 28.87 1.05 0.90 2.67 38.97 4.51 0.06 0.09 2.39 
4b 0.01 M HNO3 0.27 3.04 2525.31 1.76 0.13 0.58 141.40 139.76 5.59 19.29 1.51 0.90 2.79 34.70 4.41 0.06 0.12 2.20 
5b 0.05 M HNO3 266.60 48.07 9828.53 21.25 6.19 21.49 268.00 388.35 121.70 6.24 39.30 193.35 48.21 216.68 16.50 0.06 0.48 48.15 
6b 0.05 M HNOa 203.59 30.15 2470.67 7.15 14.41 118.88 152.62 262.80 85.18 16.17 73.68 303.09 3.26 134.95 4.69 0.25 1.19 25.11 
7b 0.1 M HNOa 262.99 12.99 689.65 1.82 7.53 56.29 61.38 167.64 25.04 26.74 76.49 204.02 2.67 93.05 1.52 0.38 0.63 9.06 
8b 0.1 M HNO3 475.23 19.29 1162.76 2.15 5.81 59.01 77.62 372.67 30.07 26.92 116.59 133.37 2.67 206.37 2.15 0.54 0.73 16.34 
gb 0.5 M HNO3 677.17 13.20 637.33 1.62 7.83 252.89 68.84 128.67 11.11 32.15 160.07 109.02 2.67 151.19 1.36 2.23 0.77 8.48 
10b 0.5 M HNO3 453.73 8.34 407.79 1.61 4.51 155.68 63.69 102.11 12.74 27.63 53.91 47.72 2.67 185.01 0.97 1.98 0.61 7.70 
l i b 1 M HNOa 519.38 4.39 81.28 0.95 3.31 196.90 70.35 85.43 6.83 34.13 29.73 16.02 2.67 212.55 0.54 2.93 0.46 6.43 
12b 1 M HNOa 379.99 0.77 16.00 1.01 1.71 102.61 54.33 51.72 3.52 12.05 21.24 6.37 2.67 177.55 0.36 2.59 0.33 3.59 
13b 5 M HNOa 619.74 2.48 15.36 1.04 3.18 163.57 95.97 84.44 5.85 24.57 31.55 9.42 2.67 199.90 0.53 4.51 0.46 6.94 
14b 5 M HNO3 856.79 2.85 17.43 1.07 2.78 203.12 111.35 129.25 9.07 20.00 40.30 8.08 2.75 136.17 0.76 5.73 0.71 9.40 
allow data processing. These values are marked In bold. 
be l e s s than the LOD of the method, the obtained value w a s substituted by a value of half the detection limit to 
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T A B L E 5.3.6.-DATA OBTAINED (mg kg"^ ) F O R T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM 80% (m/m) NIST-2711 AND 20% (m/m) HUMIC ACIDS 
S A M P L E 
Extractant Al Ba Ca Cd Cu Fc K Mg Mn Na P Pb S Si Sr TI V Zn 
1a Dl HjO 10.97 12.62 363.51 1.81 3.79 7.32 142.19 32.74 1.42 2720.46 1.19 0.90 154.41 42.62 1.01 0.14 0.09 0.10 
2a Dl HjO 23.05 0.38 153.18 1.59 2.62 4.44 86.66 18.68 1.53 986.93 4.02 0.90 13.44 89.98 0.58 1.08 0.09 0.10 
3a 0.01 M HNO3 11.77 12.21 4006.97 2.90 1.72 0.58 250.94 311.07 16.36 766.20 1.05 0.90 2.67 124.45 11.97 0.65 0.09 4.15 
4a 0.01 M HNO3 27.68 7.90 4430.73 2.62 1.28 4.61 152.18 342.93 26.26 158.82 1.05 0.90 2.67 159.06 14.99 0.93 0.09 4.28 
5a 0.05 M HNO3 588.32 91.94 9955.78 19.43 7.67 203.89 220.61 601.09 191.77 82.01 97.12 178.84 21.67 225.25 34.48 0.62 0.83 58.20 
6a 0.05 M HNO3 396.04 32.92 1969.20 6.65 4.88 148.12 71.12 266.53 41.62 83.01 107.18 97.90 2.67 138.27 6.91 1.07 0.76 17.21 
7a 0.1 M HNO3 421.48 21.02 767.99 3.57 5.63 156.91 51.21 170.86 15.41 110.14 89.88 109.03 2.67 134.25 2.59 1.74 0.87 8.73 
8a 0.1 M HNOS 285.98 7.71 236.47 2.19 4.02 105.94 32.04 83.92 5.69 64.33 30.13 70.73 2.67 105.40 0.93 1.56 0.37 2.83 
ga 0.5 M HNOa 661.54 7.44 146.21 2.20 10.19 455.59 60.74 86.08 5.08 126.97 33.04 168.33 2.87 166.52 0.78 6.15 0.38 3.90 
10a 0.5 M HNO3 498.97 1.37 43.79 1.91 4.85 266.90 38.25 48.78 3.04 138.92 21.94 44.42 2.67 148.51 0.49 4.30 0.09 1.53 
11a 1 M HNO3 768.85 3.11 27.31 1.44 4.12 405.00 49.51 62.47 3.70 126.65 24.85 31.10 2.67 238.36 0.60 6.55 0.28 3.56 
12a 1 M HNO3 613.50 0.38 11.80 1.94 1.80 201.57 27.89 35.85 2.27 125.39 16.68 10.79 2.67 154.36 0.46 4.09 0.09 0.29 
13a 5 M HNO3 892.15 0.77 25.89 2.02 4.25 494.83 85.02 75.61 4.64 77.87 31.37 10.17 24.80 263.95 0.92 10.84 0.27 3.04 
14a 5 M HNOa 1007.38 0.86 19.50 1.84 2.99 265.27 68.90 85.80 3.73 102.47 34.70 3.01 29.46 300.20 1.00 9.31 0.09 2.78 
1b Dl HjO 2.34 12.91 519.25 1.87 1.74 0.68 178.64 69.01 0.81 2554.19 1.05 0.90 116.33 24.37 1.59 0.16 0.09 0.10 
2b Dl HjO 8.15 0.38 180.29 1.91 1.62 0.67 62.45 13.97 1.00 1257.31 1.46 0.90 27.00 55.56 0.63 0.33 0.09 0.10 
3b 0.01 M HNO3 0.27 8.22 2751.67 2.14 0.20 0.58 163.34 213.61 7.43 975.20 1.05 0.90 2.67 64.53 8.44 0.07 0.09 1.4754 
4b 0.01 M HNO3 0.27 5.28 3402.05 2.97 0.21 0.58 107.84 245.90 18.68 351.92 1.05 0.90 2.67 80.04 11.21 0.06 0.09 3.6375 
5b 0.05 M HNO3 386.77 61.07 7638.85 13.60 6.68 113.49 196.09 499.24 133.95 183.78 60.69 165.84 6.45 195.54 26.13 0.53 0,64 41.9246 
6b 0.05 M HNOa 474.22 45.67 4163.34 10.70 3.92 181.74 94.38 362.46 82.73 118.35 95.90 96.16 2.87 147.97 15.31 0.83 0.88 25.6811 
7b 0.1 M HNOa 391.87 25.82 1601.42 4.86 3.57 144.69 57.16 207.97 31.16 95.77 82.48 86.13 2.67 138.82 5.72 1.37 0.87 11.4197 
8b 0.1 M HNO3 285.53 12.24 629.03 3.05 3.16 106.78 34.54 116.02 12.43 95.25 44.44 67.18 2.67 117.31 2.26 1.43 0.30 4.8383 
Sb 0.5 M HNO3 542.25 9.64 303.00 2.32 6.45 292.36 46.16 87.55 7.30 109.77 50.79 121.07 2.67 137.50 1.27 4.08 0.46 3.8105 
10b 0.5 M HNOa 534.73 4.18 118.90 1.95 5.56 328.29 42.76 59.43 4.37 132.13 27.25 78.96 2.67 149.61 0.76 5.00 0,17 1.9785 
l i b 1 M HNO3 877.32 4.63 58.63 1.87 4.10 387.82 56.12 67.29 4.33 61.13 30.86 46.48 2.67 226.16 0.68 6.13 0.34 3.9763 
12b 1 M HNO3 646.44 0.38 19.63 1.87 1.71 201.95 31.25 35.42 2.30 115.24 17.13 11.30 2.67 152.84 0.46 4.13 0.09 0.10 
13b 5 M HNO3 1085.36 2.46 30.75 1.59 4.74 576.50 93.82 79.94 4.32 100.33 42.65 17.82 10.55 298.09 0.96 12.09 0.21 3.5403 
14b 5 M HNO3 1391.79 2.88 26.51 1.71 3.31 356.21 90.56 102.85 5.29 129.10 54.70 0.90 42.61 358.57 1.20 11.78 0.25 5.1023 
*Where the concentration of a particular element was found to be less than the LCD of the method, the obtained value was substituted by a value of half the detection limit to 
allow data processing. These values are marked in bold. 
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T A B L E 5 .3 .7 . -DATA OBTAINED (mg kg'^) F O R T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM 6 0 % (m/m) N I S T - 2 7 1 1 AND 4 0 % (m/m) HUMIC ACIDS 
S A M P L E 
Extractant Al Ba C a Cd Cu Fe K Mg Mn No P Pb S SI Sr TI V Zn 
1a Dl HjO 43.82 23.52 811.01 2.30 3.33 60.74 166.39 75.95 4.98 6754.87 3.05 5.78 424.79 53.12 2.68 0.86 0.46 6.65 
2a Dl HjO 26.29 0.38 164.34 2.00 0.84 14.37 37.09 16.24 1.88 1212.60 7.47 0.90 41.82 67.94 0.80 1.01 0.19 0.10 
3a 0.01 M HNOa 13.05 3.84 1298.93 1.80 0.10 0.58 150.22 185.11 10.37 1860.79 1.05 0.90 2.67 115,79 6.69 0.30 0.09 0.10 
4a 0.01 M HNOa 38.90 9.30 4231.23 2.63 0.01 6.87 120.71 462.12 39.45 671.91 1.05 1.98 2.67 117.23 18.67 0.77 0.09 5.45 
5a 0.05 M H N O 3 477.67 69.68 9789.07 9.74 1.55 206.27 124.49 618.61 150.24 240.75 51.80 49.14 18.71 99.43 52.86 0.45 0.81 32.62 
6a 0.05 M H N O 3 543.67 47.65 4157.87 7.39 1.42 252.63 70.16 295.42 62.90 119.46 71.03 41.12 2.67 95.72 24.35 1.12 0.72 17.55 
7a 0.1 M H N O 3 391.17 24.11 1602.54 4.35 1.30 189.03 27.69 127.56 21.70 165.35 43.27 36.35 2.67 77.18 8.57 1.55 0.76 6.25 
8a 0.1 M H N O 3 341.58 15.53 687.56 2.86 1.54 187.00 21.36 78.90 10.40 115.77 24.50 36.23 2.67 81.69 4.23 2.05 0.89 2.65 
9a 0.5 M H N O 3 584.81 14.33 311.24 2.53 5.84 586.08 33.03 58.60 5.73 136.82 28.70 134.23 2.67 118.09 2.32 8.63 0,71 2.12 
10a 0.5 M H N O 3 490.84 3.67 97.48 2.31 3.80 467.79 24.16 34.28 3.10 139.21 22.04 73.30 2.67 103.27 1.00 6.79 0.24 0.10 
11a 1 M H N O 3 827.01 4.18 48.92 2,66 3.93 716.83 30.79 40.79 3.00 144.41 30.13 65.54 2.67 153.25 0.80 9.55 0.29 1.34 
12a 1 M H N O 3 647.17 0.38 19.02 2.01 1.94 375.88 22.01 27.19 1.99 123.96 20.37 21.42 2.67 124.00 0.60 6.04 0.11 0.10 
13a 5 M HNOa 1064.28 1.34 45.76 1.86 4.08 1007.83 58.58 54.78 3.95 129.51 38.14 19.13 80.78 223.25 1.37 16.62 0.41 1.18 
14a 5 M HNOa 1318.18 2.16 33.35 2.43 3.31 615.56 59.10 73.47 3.62 135.32 52.96 5.13 127.87 271.87 1.72 14.75 0.42 2.91 
1b Dl H2O 38.45 22.23 788.83 2.14 4.35 67.09 166.39 78.98 5.04 6901.23 3.24 6.56 432.56 52.61 2.23 0.90 0.39 7.01 
2b Dl H2O 27.67 0.89 174.14 1.98 0.98 15.45 37.09 17.36 1.90 1200.12 7.89 0.90 51.00 69.17 0.80 1.23 0.28 0.10 
3b 0.01 M H N O 3 13.23 4.11 1385.89 1.60 0.14 0.78 150.22 198.22 10.56 1845.91 1.05 0.90 3.01 116.34 7.78 0.45 0.09 0.10 
4b 0.01 M H N O 3 23.04 8.89 3772.64 2.13 0.01 7.98 120.71 567.45 42.45 610.20 1.05 1.65 2.67 121.27 16.67 0.89 0.09 5.68 
5b 0.05 M H N O 3 511.12 76.23 9896.32 9.01 1.89 211.98 124.49 687.45 167.92 220.92 56.78 54.89 19.78 101.00 51.45 0.43 0.65 33.98 
6b 0.05 M HNOa 562.12 46.78 4265.67 7.89 2.09 246.34 70.16 236.48 59.01 110.29 72.31 42.45 2.67 98.83 22.37 1,25 0,77 16.38 
7b 0.1 M H N O 3 411.23 22.67 1458.19 5.01 1.12 190.23 27.69 116.67 22.34 189.49 38.09 37.00 2.67 78.37 8.37 1.67 0.79 6.01 
8b 0.1 M H N O 3 356.67 15.67 671.04 2.78 1.36 197.26 21.36 90.12 11.81 95.34 22.98 39.11 2.67 82.11 4.21 2.06 0.75 2.06 
gb 0.5 M H N O 3 589.23 15.95 322.38 2.34 4.98 601.67 33.03 47.34 4.90 116.00 28.89 136.76 2.67 111.96 2.01 8.69 0.69 3.14 
10b 0.5 M H N O 3 478.32 3.12 103.16 2.78 3.76 468.90 24.16 33.45 2.93 128.68 18.04 71.34 2.67 102.34 1.11 6.36 0.31 0.94 
11b 1 M H N O 3 823.89 3.14 50.90 2.34 4.03 787.13 30.79 43.90 2.67 154.68 31.23 66.54 2.67 163.27 0.80 10.12 0.30 0.10 
12b 1 M H N O 3 587.98 0.78 23.02 2.11 0.78 311.39 22.01 26.91 3.01 125.49 23.45 22.01 2.67 127.89 0.90 6.66 0.09 0.10 
13b 5 M H N O 3 1101.21 0.38 44.56 1.91 3.78 1000.30 58.58 52.30 2.95 111.41 38.18 18.94 91.23 248.87 1.45 16.45 0.40 2.12 
14b 5 M H N O 3 1300.23 4.34 33.47 2.45 4.09 626.45 59.10 75.19 3.25 145.68 53.29 6.34 129.39 281.78 1.98 13.23 0.42 3.01 
*Where the concentration of a particular element 
allow data processing. These values are marked 
was found to be less than the LCD of the method, the obtained value was substituted by a value of half the detection limit to 
in bold. 
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5 .3 .5 P H Y S I C O - C H E M I C A L F R A C T I O N S IDENTIF IED IN N I S T - 2 7 1 1 
As with the Carnon samples, analysis of the reference material was performed and the 
seven physico-chemical fractions identified as follows: 
The pore-water fraction was a minor component in this case and it was made up mainly from 
Na (94%) and a small amount of S (5%) (fraction 1). This fraction is probably derived from 
the residual pore-water solutes in the soil and increases with the presence of the humic 
acids due to the free sodium and sulfur in the HA being soluble in water. 
The second fraction was found to be the exchangeable fraction, removed by 0.01-0.05M 
aliquots of HNOsand was made up of Ca (82%) and a small amount of Mg (6%). This was 
the major component for NIST-2711 (fraction 2). The other exchangeable fraction which was 
not affected when humic acids were added was fraction 3. It was made up mainly from Ca 
(66%) and K (20%) but the amount of solid extracted was smaller being then a distinct minor 
component (fraction 3). 
The next fraction extracted using 0.1-0.5M HNO3 was dominated by Ca (38%) and Pb 
(29%). This was the lead carbonate phase (fraction 4). This fraction reflected the 
bioavailability of lead in this kind of sediment, and changes to the elemental composition 
were observed when HA were added. This suggested that either the humic acids were 
sticking to the surface of particles or they were chemically binding with them^^^ either way 
preventing this fraction from being extracted by the nitric acid. 
Fraction 5, identified as being the Fe-oxide amorphous fraction, presented a diffuse 
extraction window and was mainly made up of Al (37%), Fe (25%) and smaller amounts of 
P. Pb and K. 
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Fraction 6 was removed by 0.5-5M HNO3 and was dominated by Al (42%) and Fe (44%) 
This fraction increased when the proportion of humic acids increased and a similar fraction 
was found for the two samples previously analysed. Like the Carnon sample this also 
suggested that this was the iron complex with humic acids that was also naturally present in 
the sample. 
The seventh fraction seemed to be a clay fraction removed over a broad range and was 
mainly made up of Al (36%), Na (28%) and Si (20%) with smaller amounts of Mg. K and P. 
This fraction was not strongly affected by the presence of humic acids in the soil sample and 
due to the low amount of solid extracted in this fraction it was considered to be a minor 
fraction. The amount of solid extracted for each fraction can be seen in Figure 5.3.8 and the 
elemental composition for each fraction detailed in Figure 5.3.9. 
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F I G U R E 5.3.8.- P R O F I L E S F O R T H E PHYSICO-CHEMICAL FRACTIONS IN T H E N IST -271 1 DATA S E T 
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F I G U R E 5.3.9.- E L E M E N T A L COMPOSITION FOR T H E PHYSICO-CHEMICAL FRACTIONS IN T H E N I S T -
2711 DATA S E T 
Fraction 1 
Fraction 5 
Pb8 
Fraction 2 Fraction 3 
Na 5% Si 4% 
Fraction 6 
Fraction 4 
Fe 13% 
Fraction 7 
Legend 
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5.3.6 S T U D Y O F T H E H E A V Y M E T A L S 
For both the Carnon and the NIST-2711 samples, the amount of the heavy metals Cu, Zn 
and Pb extracted decreased from the non-spiked sample when compared to the humic acids 
spiked samples (Figure 5.3.10). 
For the Carnon sample with 20% m/m humic acids, the amount of Cu and Zn extracted 
decreased by 20% with respect to the non-spiked sample, and the amount of Pb extracted 
decreased by 30%. Conversely Cd was found to be more easily extractable (60% increase) 
when humic acids were added (again compared to the non-spiked sample). When the 
humic acids percentage increased to 30 % of the sample the amount of Cu, Zn and Pb 
extracted decreased again by 32%, 3 1 % and 35% respectively compared with the non-
spiked Carnon sample. Cd was found to be more extractable again than for the unspiked 
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Camon sample (30%) but less extractable than for the 20% m/m humic acids spiked sample 
(20%). 
Results for NIST-2711 were similar to those found for the Camon sample Cd was again 
more extractable for the first sample spiked with humic acids (an increase of 15%) and 
decreased by 2% respect to the unspiked NIST-2711 sample for the 60% m/m NIST-2711. 
Cu. Zn and Pb extraction decreased by 16%. 29% and 34% respectively for the first spiked 
sample (80% m/m NIST-2711 and 20% m/m humic acids) and by 48%. 48% and 53% 
respectively for the second sample (60% m/m NIST-2711 and 40% m/m humic acids) 
This suggested that humic acids present in soils and sediments would decrease the heavy 
metals' availability because they bind with these metals thereby making them less 
extractable 
F I G U R E 5.3 .10. - HEAVY METALS D E C R E A S E IN SP IKED S A M P L E S 
% 
160 
140 
120 
100 
80 
60 
40 
20 
CARNON 80% HA20% 
CARNON 70% HA30% 
% 
120 NIST2711 8 0 % H A 2 0 % 
NIST2711 60% HA 40% 
* T H E A M O U N T O F E A C H M E T A L E X T R A C T E D F R O M T H E N O N - S P I K E D S A M P L E W A S C O N S I D E R E D A S 100% F O R T H E 
C A L C U L A T I O N S . 
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5 . 4 C O N C L U S I O N S 
In this study the multi-element extraction method was used to study the effect of humic acids 
on metal availability in two different samples. Data treatment was performed using a 
modified programme employing MATLAB 6.0. This resulted in a saving of time for the 
calculations and helped in the identification of the optimum number of components. 
As expected, differences between the samples spiked with HA and the non-spiked samples 
were found for most of the physico-chemical fractions, and information related to the 
extractable metal contents was obtained. 
The humic acids produced an increase in the amount of solid extracted in the exchangeable 
fraction due to an enhancement of the cation exchange capacity of the soil. Changes were 
also observed for the iron and aluminum oxides fractions. The amount of solid extracted in 
the carbonate phases was found to decrease for both samples. 
There was a general decrease in the level of the heavy metals Pb. Cu and Zn extracted for 
all the samples spiked with humic acids whereas Cd available in the samples increased 
when humic acids were first added and then decreased in the following spiked samples 
indicating a more complex interaction. 
It should be emphasised that this method offers potential for a wide range of geochemical 
applications. It could be used as a fast screening method to track bioavailability changes in 
soils or sediments with high contents in organic matter. 
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CHAPTER 6 
STUDY OF THE TRACE METAL 
DISTRIBUTION IN THE 
AROSA ESTUARY 
(N. W. SPAIN) 
C H A P T E R 6: S T U D Y O F T H E T R A C E M E T A L DISTRIBUTION IN T H E A R O S A E S T U A R Y { N . W . SPAIN) 
6.1 I N T R O D U C T I O N 
In this Chapter, the newly developed method has been applied for the characterisation of a 
specific area of interest: the Arosa Estuary, Galicia, N.W. Spain. The objective of this work 
was to study the area in terms of availability of trace metals and their distribution within the 
physico-chemical phases in sediments collected from different locations. 
Galicia. and especially the Arosa estuary, is the main mussel culturing area in Europe and is 
also one of the most intensive mussel culturing areas in the worid. giving employment to 
more than 30000 people^°^. Mussels are cultivated in extensive farms located around the 
Arosa estuary and, as marine bivalves, they act as biological filters removing organic and 
inorganic particles from the water. Therefore the metal availability in the sediments at the 
bottom of the estuary will be strongly related with the metal contents in the mussel tissue. 
Applying the new method, assessment of the trace metals distribution in the sediment 
samples from the estuary has been performed and results are shown and discussed In this 
Chapter. 
Fourteen sediment samples from different locations within the Arosa estuary were analysed 
and the following studies were carried out: 
• Data treatment was performed for each sample separately and physico-chemical phases 
were obtained (examples are given for a few samples and the amount of solid extracted 
for each physico-chemical fraction at each location point plotted). 
• Study of the heavy metals extracted within the estuary was perfomied and polluted areas 
were identified. 
• Data matrices from the 14 samples were treated as a single data matrix (as previously 
for the humic acids spiked samples in Chapter 5) and physico-chemical phases 
describing the area of interest were obtained. 
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Acid digestion of the sediment samples was carried out and a comparison between 
values obtained and values predicted with the sequential extraction method was 
performed. 
In order to distinguish the natural metal concentration from anthropogenic additions in 
the sediments, and to diagnose the status of potential pollution, a comparison between 
values obtained from acid digestion and the background levels in the area was carried 
out. In addition, values were normalised against aluminium to distinguish natural sources 
from anthropogenic inputs. 
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6 . 2 E X P E R I M E N T A L 
6.2.1 S A M P L I N G A R E A 
The Arosa estuary is the largest in the region of Galicia, NW Spain. The approximate 
coordinates are Longitude 08°50'00" W. Latitude 42''30'00'' N. A map of the area (SURFER 
7.0, Surface mapping system, Golden Software Inc., Colorado, USA), giving the coordinates 
for the 14 sampling locations presented in Table 6.2.1, is shown in Figure 6.2.1. The sample 
site numbers are official sampling station numbers given by the University of Santiago de 
Compostela. Spain. 
F I G U R E 6 .2 .1 . - A R E A O F STUDY: A R O S A E S T U A R Y (N .W. SPAIN) 
9-00 8°50' Geographic coordinates 
42°40* 
- 42°30" 
^ r 
800 900 
SURFER 7 0 coordinates 
'Map of Spain from www multimap com 
Samples were collected at the different locations around the Arosa estuary in March 2002 
and were lyophilised before analysis. The dried samples were then homogenised and the 
particle fraction that passed through a 125 pm mesh was used for the analysis. 
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T A B L E 6.2.1. - G E O G R A P H I C A L COORDINATES AND S U R F E R 7.0 COORDINATES F O R T H E 
SAMPLING POINTS USED IN T H E STUDY 
Sampling Lat i tude L o n g i t u d e Depth of Sur fe r 7.0 S u r f e r 7. 
Point (N) (W) Water (m) X Y 
1 42°35'94" 8°47'34" 7 719.16 447.95 
2 42°35'57" 8°49'59" 17 663.19 430.95 
3 42°35'20" 8°47'34" 25 596.40 413.78 
4 42°34'46" 8°53'91" 43 504.88 371.89 
5 42°32'49" 8°55'99" 53 419.37 272.47 
8 42°3r36" 8°58'26" 42 323.05 213.41 
11 42°30'85" 8°50'04" 7 644.64 193.32 
12 42°30'44" 8°9r92" 19 546.77 193.32 
13 42°30'94" 8°54'82" 32 465.90 201.05 
14 42°3274" 8°57'50" 37 368.21 280.20 
15 42°33'34" 8°58'67" 25 315.32 337.72 
18 42°33'9r' 8°50'53" 10 608.93 357.98 
21 42°37'42" 8°54'01" 16 495.44 525.73 
24 42°37'48" 8°48'88" 6 661.64 545.82 
6.2 .2 S E Q U E N T I A L E X T R A C T I O N P R O C E D U R E AND A N A L Y S I S O F E X T R A C T S U S I N G I C P -
A E S / M S 
The operating conditions for the ICP-AES/MS instruments were summarised in Tables 2.2.1 
and 2.2.2 in Chapter 2. The sequential extraction procedure was performed as described in 
Chapter 2 for all the samples. 
6.2 .3 H Y D R O F L U O R I C , NITRIC AND P E R C H L O R I C ACID D IGEST ION F O R T H E S E D I M E N T 
S A M P L E S 
Total acid digestion^®^ was used to obtain total metal data and was performed as reported in 
Chapter 3. section 3.4.1.1. Analysis was performed by ICP-AES/MS. 
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6.3 A N A L Y S I S O F 14 S E D I M E N T S A M P L E S A N D C H E M O M E T R I C T R E A T M E N T 
6.3.1 S E Q U E N T I A L L E A C H D A T A O B T A I N E D F O R T H E S E D I M E N T S A M P L E S 
Duplicate analyses of each sediment sample were conducted using the optimum conditions 
described in Chapter 2 and the data was evaluated using MATLAB 6.0 as described in 
Chapter 5. Data obtained for the sequential leachates is shown in Tables 6.3.1 to 6.3.14. 
Chemometric processing of the data obtained from the analysis of the sequential extracts by 
I C P - A E S may be used to elucidate the physico-chemical composition of the sediments and 
then characterise the area. 
The number of physico-chemical components obtained for the sediment samples varied from 
5 to 7 components (in most cases 5 components were enough to describe the sample). As 
an example, the data from 4 samples is presented. Samples 3, 12, 15 and 24 were chosen 
as they reflected different compositions and were collected from different areas. Figure 6.3.1 
shows results for the four samples. 
Sample 3: 
Analysis and further data treatment showed 5 physico-chemical components. The water-
soluble fraction, carbonate fraction and the iron crystalline oxides fraction were found to be 
major components whereas the iron amorphous oxides fraction together with a mixed 
physico-chemical phase extracted with 0.1 M HNO3 were found to be minor components. 
Sample 12: 
A major carbonate fraction was found to dominate this sample (the amount of solid extracted 
was ten times larger than the other fractions and therefore secondary scaling was used in 
Figure 6.3.1). The well defined components were identified as being the pore-water fraction 
(fraction 1), the iron amorphous oxides fraction (fraction 3) and the iron crystalline oxides 
fraction (fraction 4). 
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Sample 15: 
In this case fraction 3, identified as being the carbonate fraction, was found to be a major 
component. Four more components were identified as being the pore-water fraction (fraction 
1), the exchangeable fraction (made up mainly by Ca and Mg; fraction 2); the iron oxides 
fraction (fraction 4) and a minor component (fraction 5) made up mainly of Na and S which 
was identified as being a mixed organic fraction. 
Sample 2 4 : 
Four distinct components were found to form the major fractions: fraction 1 was identified as 
being the water soluble fraction, fraction 2 was identified as being the carbonate fraction, 
fraction 4 was the iron amorphous oxides fraction, and fraction 5 was identified as being the 
iron crystalline oxides fraction. Fraction 3 was found to be a minor fraction made up mainly 
of Fe, Al and small amounts of K, Na, P, S and Si. 
This example serves to show how the method provides infomiation in terms of physico-
chemical phases for a set of samples. The information from a set of samples can be studied 
in terms of anthropogenic pollution and metal distribution within the physico-chemical 
phases. 
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F I G U R E 6.3.1.- PHYSICO-CHEMICAL FRACTIONS FOUND FOR 4 O F THE SEDIMENT S A M P L E S 
2b000 
20000 
^ 15000 
^ 1 
Sediment # 3 
Fraction 1: 
Pore-water 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 
sequential leaches 
Fraction 2: 
Carbonate 
Fraction 5: 
Fe O X . cryst. 
Fraction 3: 
Mixed 
Fraction 4: 
Fe O X . 
amorphous 
100000 
80000 
£ 60000 
s 
2 40000 
C 1 . C 3 . C 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 
sequential leaches 
Sediment # 12 
Fraction 1: 
Pore-water 
Fraction 3: 
Fe ox. amorphous 
Fraction 2: 
Carbonate 
Fraction 4: 
Fe ox. cryst. 
A! " B a D C a D C d B C u E Fe • K • M g " M n " Na • P • Pb • S • Si • Sr • Ti • V D Zn 
184 
C H A P T E R 6 S T U D Y O F THE T R A C E METAL DISTRIBUTION IN THE A R O S A E S T U A R Y (N W SPAIN) 
F I G U R E 6 .3.1 .-(C0NT.) 
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T A B L E 6.3.1.- DATA OBTAINED FOR T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM SEDIMENT SAMPLE #1 (mg kg'^) 
Extractant Al Ba Ca Cd Cu Fe K Mg Mn Na P Pb S SI Sr Tl V Zn 
1 Dl HjO 0.97 5.88 1373.41 0.08 0.01 0.60 1019.19 2140.30 1.20 7585.02 5.58 0.90 2668.25 16.89 11.74 0.06 0.09 1.92 
2 01 HaO 2.17 0.96 59.64 0.08 0.01 0.61 123.85 90.07 1.09 858.76 8.92 0.91 272.88 14.38 0.33 0.06 0.36 0.72 
3 0.01 M HNO3 0.51 2.58 572.28 0.08 0.01 0.58 180.95 371.89 1.16 444.23 2.87 0.90 27.26 34.64 2.66 0.06 0.09 4.49 
4 0.01 M HNO3 0.45 1.26 1182.09 0.08 0.01 0.58 138.26 491.53 1.28 134.59 2.97 0.90 15.90 41.60 4.77 0.06 0.09 4.11 
5 0.05 M HNO3 217.86 3.47 9049.84 0.12 0.07 69.56 411.29 1079.80 5.02 99.19 10.50 2.34 61.84 206.22 34.81 0.06 0.72 22.77 
6 0.05 M HNOa 925.25 4.53 5089.83 0.15 4.58 370.41 457.01 491.70 5.73 50.54 46.80 6.76 36.53 229.08 20.46 0.30 4.68 29.23 
7 0.1 M HNO3 946.85 3.43 1301.84 0.08 8.76 671.35 216.17 196.33 3.50 19.83 66.61 11.67 16.46 235.72 5.08 2.00 6.46 18.05 
8 0.1 M HNOa 519.17 2.07 424.82 0.08 5.00 735.58 81.09 111.41 2.54 10.98 56.83 8.07 11.11 233.94 1.36 2.95 4.00 10.41 
9 0.5 M HNO3 689.08 2.53 568.07 0.08 6.30 1863.40 86.97 114.03 2.92 10.75 171.56 18.44 33.77 309.18 1.49 19.36 4.18 10.16 
10 0.5 M HNO3 588.54 2.11 643.75 0.08 4.25 1501.12 65.39 110.97 3.41 8.24 134.84 10.70 31.72 359.98 1.54 18.15 3.55 8.06 
11 1 M HNO3 508.55 2.28 142.07 0.08 4.49 1194.78 61.40 91.45 3.43 5.55 98.31 5.68 38.03 290.75 0.36 18.79 2.07 6.11 
12 1 M HNO3 1154.16 5.43 32.26 0.08 3.44 1484.11 99.42 176.36 6.54 10.35 120.84 6.69 64.08 518.58 0.32 25.17 2.19 10.37 
13 5 M HNOs 897.62 2.94 11.41 0.17 6.40 6443.91 125.87 142.49 23.71 5.13 119.76 8.70 5734.64 257.88 0.19 41.95 2.59 13.12 
14 5 M HNO3 665.48 1.72 7.40 0.08 1.60 1293.48 70.89 111.70 6.85 2.99 53.84 2.18 829.07 102.04 0.05 20.62 0.86 5.71 
1 Dl H2O 1.78 4.30 1668.19 0.08 0.01 0.58 1319.00 2528.45 1.22 9944.83 5.18 0.90 3335.13 19.64 14.79 0.06 0.09 2.31 
2 Dl H2O 2.59 1.59 69.31 0.08 0.03 0.72 160.36 103.56 1.10 1117.40 8.96 0.90 329.75 14.48 0.45 0.06 0.45 0.72 
3 0.01 M HNO3 0.87 3.77 587.05 0.08 0.01 0.58 221.51 384.66 1.17 562.36 3.32 0.90 38.78 38.51 2.88 0.06 0.09 4.45 
4 0.01 M HNOa 0.56 2.18 1271.26 0.08 0.01 0.58 178.36 554.23 1.30 193.74 3.35 1.11 22.69 48.37 5.41 0.06 0.09 5.18 
5 0.05 M HNO3 326.85 3.78 9175.42 0.16 0.43 87.75 471.83 1093.45 5.26 113.64 16.25 2.88 66.61 211.60 36.65 0.06 1.15 26.23 
6 0.05 M HNO3 1049.07 4.90 4661.01 0.12 5.11 398.26 459.98 481.36 5.64 56.21 52.66 6.19 38.94 224.54 19.21 0.33 5.86 29.19 
7 0.1 M HNO3 689.29 3.06 1186.87 0.08 7.17 591.94 180.97 182.14 3.08 22.36 57.08 9.14 18.29 202.82 4.58 2.02 5.39 14.53 
8 0.1 M HNO3 465.90 2.09 510.68 0.08 4.52 639.80 86.32 105.10 2.43 12.63 51.01 8.52 13.65 211.76 1.85 2.50 3.47 9.70 
9 0.5 M HNO3 648.52 2.43 654.30 0.08 6.11 1736.04 91.03 109.82 2.78 12.17 162.75 17.84 36.60 280.45 2.93 17.99 3.75 9.57 
10 0.5 M HNO3 621.02 2.19 95.98 0.08 4.83 1548.25 73.28 115.30 3.44 7.04 142.56 10.28 32.38 362.69 0.55 18.00 3.70 7.73 
11 1 M HNO3 515.22 2.21 20.86 0.08 4.51 1191.65 64.61 90.82 3.39 5.80 98.64 6.42 39.16 280.20 0.14 17.63 2.06 5.89 
12 1 M HNO3 1145.05 5.26 16.06 0.08 3.47 1442.23 101.80 169.97 6.35 10.79 118.95 8.68 64.98 495.20 0.28 24.25 2.11 9.87 
13 5 M HNOa 811.11 2.67 9.00 0.16 5.86 5903.46 114.25 124.19 21.65 5.12 109.82 7.23 5600.26 230.85 0.15 38.03 2.24 11.86 
14 5 M HNOa 673.23 1.68 7.94 0.08 1.72 1346.51 76.56 112.06 6.96 3.38 54.19 4.14 881.97 110.82 0.06 22.94 0.86 5.74 
•Where the concentration of a particular element was found to be less than the LCD of the method, the obtained value was substituted by a value of half the detection limit to 
allow data processing. These values are marked in bold. 
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T A B L E 6.3.2.- DATA OBTAINED F O R T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM SEDIMENT SAMPLE #2 (mg kg'^) 
Extractant Al Ba Ca Cd Cu Fc K Mg Mn Na P Pb S SI Sr Ti V 2n 
1 Dl H2O 1.27 4.73 1077.62 0.08 0.01 0.58 1154.89 2308.88 1.18 8481.66 7.19 0.90 1138.21 15.31 13.23 0.06 0.12 1.72 
2 Dl H2O 3.23 0.74 46.49 0.08 0.01 0.58 160.76 92.62 1.11 1003.49 12.78 0.90 123.63 14.94 0.35 0.06 1.16 0.64 
3 0.01 M HNO3 0.46 3.18 817.12 0.08 0.01 0.58 248.06 539.52 1.19 478.21 2.70 0.90 18.85 28.31 4,49 0.06 0 . 1 9 3.37 
4 0.01 M HNO3 0.27 0.87 1759.62 0.08 0.01 0.58 171.96 588.16 1.29 135.63 1.05 0.90 10.26 29.61 7.83 0.06 0.11 4.08 
5 0.05 M H N O 3 0.45 1.08 9050.87 0.08 0.01 2.85 202.71 735.03 2.54 70.70 1.05 0.90 35.10 63.26 33.03 0.06 0.09 10.26 
6 0.05 M HNO3 72.27 1.61 9208.98 0.08 0.01 61.50 200.84 386.87 4.58 43.72 4.06 3.19 34,56 88.18 31.97 0.06 0,45 14.12 
7 0.1 M HNO3 1142.61 4.26 10111.23 0.12 2.49 674.99 369.42 470.56 8.58 44.79 96.83 10.16 37.30 237.97 35.31 0.59 8.07 33.58 
8 0.1 M HNO3 766.92 2.92 3187.89 0.08 4.72 773.16 171.05 212.00 4.04 24.03 119.40 14.73 15.61 222.48 10.30 2.78 6.68 18.94 
9 0.5 M HNO3 79B.46 3.00 2936.01 0.08 4.55 1405.64 125.80 157.54 3.89 21.96 185.96 15.16 22.12 286.51 8.44 16.09 3.90 18.88 
1 0 0.5 M HNO3 539.30 2.15 682.57 0.08 2.71 1046.73 80.37 121.71 3.55 9.46 93.04 9.20 41.91 268.00 2.12 11.63 2.05 9.38 
11 1 M HNOa 468.83 1.98 150.17 0.08 1.82 893.50 72.67 96.03 3.25 6.24 68.40 3.53 16.19 247.12 0.42 12.24 1.22 6.18 
12 1 M HNOa 712.62 3.37 95.75 0.08 1.68 1027.89 89.59 129.16 4.13 7.99 80.69 4.93 19.18 368.72 0.30 16.29 1.22 7.65 
13 5 M HNOs 1223.22 4.77 31.17 0.26 5.54 6045.06 145.12 189.29 21.43 8.11 123.13 15.06 2829.13 406.47 0.32 32.02 2.33 23.83 
14 5 M HNOa 11883.84 27.91 173.81 0.30 7.84 12145.31 820.76 1504.79 60.54 46.47 603.04 37.32 4495.88 474.70 2.25 130.18 8.52 57.09 
1 Dl H2O 1.34 4.14 1212.39 0.08 0.01 0.58 1332.53 2522.01 1.18 9719.11 6.45 1.36 1552.11 17.45 14.99 0.06 0.14 1.96 
2 Dt H2O 5.66 0.70 60.98 0.08 0.01 1.78 186.03 109.14 1.10 1155.38 14.56 0.90 172.42 15.98 0.47 0.06 1.16 0.65 
3 0.01 M H N O 3 0.70 4.06 857.02 0.08 0.01 0.58 275.15 578.82 1.20 538.97 2.52 0.90 28.18 31.36 4.74 0.06 0.22 3.28 
4 0.01 M H N O 3 0.57 1.71 1924.67 0.08 0.01 0.58 186.10 625.56 1.31 146.84 1.05 0.90 13.85 32.48 8.51 0.06 0.11 4.59 
5 0.05 M HNO3 5.33 1.47 9550.96 0.08 0.01 5.95 215.22 748.89 2.77 73.29 1.05 4.03 44.50 67.34 34.70 0.06 0.09 11.69 
6 0.05 M HNO3 57.83 1.34 9979.91 0.08 0.01 80.07 240.74 460.86 4.56 48.96 6.08 4.27 40.30 86.00 35.03 0.08 0.51 14.02 
7 0.1 M HNO3 968.94 4.62 10217.67 0.08 2.72 536.89 310.94 410.15 7.74 45.81 86.40 11.62 44.53 210.74 34.55 0.89 7.24 30.12 
8 0.1 M HNOa 566.09 2.78 3438.20 0.08 3.08 577.92 138.45 220.19 3.73 23.70 88.48 9.22 20.69 165.49 11.50 2.78 4.27 15.05 
9 0.5 M HNOa 1082.97 3.46 5285.22 0.08 5.62 1523.77 177.30 303.51 5.00 32.54 191.21 21.51 40.21 335.34 17.39 17.38 6.16 21.05 
10 0.5 M HNOa 649.48 2.38 677.78 0.08 3.65 1166.59 106.29 152.84 3.82 12.07 110.37 9.81 19.42 299.72 2.27 15.31 2.73 10.13 
11 1 M H N O 3 605.80 2.77 169.59 0.08 2.64 1101.39 101.91 126.10 3.77 7.31 86.14 7.44 21.25 317.06 0.60 17.79 1.51 7.68 
12 1 M H N O 3 688.13 3.56 55.69 0.08 1.53 840.17 83.80 119.97 3.87 7.06 70.87 5.93 17.87 354.40 0.23 14.91 1.00 7.39 
13 5 M H N O 3 1361.88 5.15 77.22 0.28 5.55 6722.33 175.49 219.57 23.32 10.03 143.25 12.61 3613.71 445.50 0.45 37.44 2.74 18.23 
14 5 M HNO3 10779.35 25.14 77.86 0.25 7.04 10871.17 697.10 1314.05 53.48 39.99 548.77 39.28 3510.19 484.37 2.12 112.73 7.29 52.12 
"Where the concentration of a particular element was found to be less than the LOG of the method, the obtained value was substituted by a value of half the detection limit to 
allow data processing. These values are marked in bold. 
187 
C H A P T E R 6: S T U D Y O F T H E T R A C E M E T A L DISTRIBUTION IN T H E A R O S A E S T U A R Y ( N . W . S P A I N ) 
T A B L E 6.3.3.- D A T A OBTAINED F O R T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM SEDIMENT SAMPLE #3 (mg kg*^ ) 
Extra eta nt Al Ba Ca Cd Cu Fe K Mg Mn Na P Pb S SI Sr TI V Zn 
1 Dl H2O 2.20 3.33 1216.56 0.08 0.01 0.58 1603.22 2980.76 1.23 13115.09 6.16 1.75 3273.79 24.96 16.52 0.06 0.17 1.77 
2 Dl H2O 3.84 0.98 66.01 0.08 0.01 0.78 213.97 146.42 1.09 1567.01 14.82 1.55 368.79 18.96 0.67 0.06 1.20 0.62 
3 0.01 M HNO3 0.63 6.27 1003.62 0.08 0.01 0.58 311.39 732.82 1.21 660.39 1.05 1.46 51.84 32.52 6.44 0.06 0.17 2.57 
4 0.01 M HNO3 0.27 3.27 2234.51 0.08 0.01 0.58 193.41 661.26 1.36 165.12 1.05 0.90 33.29 29.86 11.12 0.06 0.09 4.09 
5 0.05 M HNOa 0.27 1.80 9634.03 0.08 0.01 2.85 212.77 803.78 2.82 86.55 1.05 4.21 88.47 48.60 40.69 0.06 0.09 9.42 
6 0.05 M HNOa 4.46 1.36 11587.54 0.08 0.01 15.10 178.42 416.10 4.16 56.11 1.05 6.16 101.68 57.88 45.76 0.06 0.09 9.14 
7 0.1 M HNO3 444.24 5.10 17343.52 0.12 0.17 369.89 331.67 534.48 11.77 72.72 29.70 8.50 145.85 140.78 68.54 0.06 3.37 19.92 
8 0.1 M HNO3 1084.83 5.05 6747.76 0.08 2.72 825.80 284.68 383.68 7.39 37.22 108.56 16.70 61.46 217.13 26.08 1.39 9.93 20.15 
9 0.5 M HNO3 1637.88 9.61 2790.52 0.08 4.83 2233.07 255.87 378.74 7.61 33.13 227.61 25.90 52.86 558.45 9.06 15.46 6.76 23.24 
10 0.5 M HNO3 1024.99 4.96 753.66 0.08 2.94 1863.51 170.92 262.05 6.29 17.24 131.36 11.48 39.47 496.81 2.40 12.56 3.18 12.50 
11 1 M HNO3 709.37 3.98 201.99 0.08 1.17 958.34 109.19 122.58 3.77 8.49 78.90 6.31 27.81 354.06 0.58 12.34 1.02 6.65 
12 1 M HNO3 958.49 5.41 97.60 0.08 0.91 882.79 99.01 135.68 4.07 8.09 81.80 6.53 30.35 432.01 0.29 12.73 0.87 7.39 
13 5 M HNO3 2242.12 8.03 42.38 0.14 3.85 5593.39 212.24 305.91 14.77 11.93 168.64 12.77 5077.86 416.89 0.38 31.87 2.77 15.85 
14 5 M HNO3 10279.93 26.29 42.90 0.08 3.17 5962.86 765.87 1267.44 36.33 32.59 334.19 30.32 1809.56 314.82 0.90 96.16 6.10 34.14 
1 Dl H2O 2.22 6.49 1187.62 0.08 0.01 0.58 1571.92 2929.73 1.25 12944.11 6.03 2.55 3218.18 20.56 16.50 0.06 0.14 1.69 
2 Dl H2O 4.20 1.55 62.41 0.08 0.01 0.86 214.98 134.47 1.10 1528.02 14.90 2.43 354.07 20.36 0.61 0.06 1.25 0.64 
3 0.01 M HNO3 0.60 5.39 890.85 0.08 0.01 0.58 305.73 684.33 1.19 641.53 1.05 2.79 49.65 31.95 5.79 0.06 0.13 2.30 
4 0.01 M HNO3 0.22 1.84 2113.20 0.08 0.01 0.66 200.15 690.19 1.34 169.48 1.05 1.19 32.51 29.63 10.75 0.06 0.09 4.34 
5 0.05 M HNO3 0.25 1.36 9987.89 0.08 0.01 2.83 210.82 811.23 2.94 84.77 1.05 5.37 92.41 46.61 42.12 0.06 0.09 10.12 
6 0.05 M HNO3 5.51 1.27 11441.06 0.08 0.01 14.40 175.44 418.55 3.99 55.14 1.05 2.45 102.25 56.87 45.22 0.06 0.09 9.27 
7 0.1 M HNO3 391.69 4.43 17087.97 0.09 0.11 316.51 309.32 513.98 10.69 69.71 29.43 8.09 142.36 129.11 68.83 0.06 2.96 18.48 
8 0.1 M HNOa 1105.40 4.98 7711.07 0.08 2.30 813.13 298.43 410.35 7.59 40.34 103.48 19.32 67.38 215.20 31.59 1.15 9.93 20.53 
9 0.5 M HNO3 1673.28 9.04 2604.59 0.08 5.34 2373.70 264.89 418.44 8.18 31.89 229.87 29.83 53.12 599.00 13.11 15.13 7.29 23.75 
10 0.5 M HNO3 773.59 4.08 430.35 0.08 2.15 1333.85 134.84 174.71 4.56 11.46 115.84 9.34 29.88 357.17 1.98 11.09 2.18 9.23 
11 1 M HNOa 704.07 3.86 130.84 0.08 1.16 946.28 101.37 119.22 3.66 7.73 77.63 6.12 25.96 325.36 0.56 10.97 1.05 6.53 
12 1 M HNOa 1059.79 5.81 78.70 0.08 1.14 1043.07 113.70 161.15 4.61 9.15 92.54 9.28 31.89 482.56 0.37 13.48 1.09 8.49 
13 5 M HNOa 2440.14 8.48 33.70 0.18 4.39 6279.95 241.51 341.85 16.40 12.99 186.52 15.35 5664.27 403.86 0.43 34.56 3.16 17.43 
14 5 M HNO3 11000.34 26.39 42.78 0.08 3.20 6280.93 807.26 1342.26 38.29 33.88 354.61 35.44 1774.86 291.42 0.98 98.30 6.42 35.02 
•Where the concentration of a particular element was found to be less than the L C D of the method, the obtained value was substituted by a value of half the detection limit to 
allow data processing. These values are marked in bold. 
188 
C H A P T E R 6: S T U D Y O F T H E T R A C E M E T A L DISTRIBUTION IN T H E A R O S A E S T U A R Y ( N . W . SPAIN) 
T A B L E 6.3.4.- DATA OBTAINED F O R T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM SEDIMENT SAMPLE #4 (mg kg'^) 
Extractant Al Ba Ca Cd Cu Fo K Mg Mn Na P Pb S Si Sr Tl V 2n 
1 01 H2O 2.15 7.47 806.95 0.08 0.01 0.58 841.92 1315.70 1.27 5783.84 5.00 0.90 1797.84 16.16 8.03 0.06 0.09 1.62 
2 01 H2O 5.24 0.38 34.40 0.08 0.01 0.62 108.67 58.74 1.11 640.01 14.01 1.18 193.23 19.34 0.17 0.06 0.62 0.70 
3 0.01 M H N O 3 0.92 2.76 1269.03 0.08 0.01 0.58 202.36 495.72 1.34 324.39 2.15 2.06 44.30 27.42 6.60 0.06 0.11 3.65 
4 0.01 M H N O 3 1.11 1.22 2347.82 0.08 0.01 0.58 141.01 432.04 1.54 99.08 2.07 0.90 39.80 29.50 10.60 0.06 0.09 4.99 
5 0.05 M H N O 3 0.32 1.38 9049.85 0.08 0.01 0.58 134.49 489.02 3.28 61.46 2.40 3.92 98.61 37.80 36.32 0.06 0.09 10.71 
6 0.05 M H N O 3 6.45 1.65 9844.97 0.08 0.01 5.44 127.20 354.99 4.65 57.14 1.05 1.70 109.70 56.80 39.19 0.06 0.09 11.11 
7 0.1 M H N O 3 146.81 3.25 17199.21 0.08 0.06 91.13 152.88 489.51 7.92 76.82 16.64 2.18 182.97 75.04 67.73 0.06 0.88 16.52 
8 0.1 M H N O 3 174.81 2.84 18040.28 0.10 0.10 149.04 114.28 519.11 6.67 80.56 19.72 3.71 207.88 79.08 71.72 0.06 1.11 15.98 
9 0.5 M H N O 3 602.35 4.17 45430.23 0.11 1.10 615.55 123.72 1066.25 7.87 197.34 97.49 11.72 507.97 146.58 174.94 1.20 3.36 21.18 
10 0.5 M H N O 3 751.25 4.29 48803.01 0.18 1.36 1496.58 115.03 1337.46 9.00 212.03 176.65 13.39 546.69 303.28 191.63 3.15 4.21 23.59 
11 1 M H N O 3 1957.72 9.56 37247.76 0.41 0.70 4878.81 121.65 1617.09 13.45 163.27 395.98 18.74 463.11 741.60 147.89 11.81 4.61 33.58 
12 1 M H N O 3 1212.90 5.43 12786.44 0.24 0.30 3551.39 80.20 918.62 8.28 58.07 225.72 10.27 243.38 527.34 54.45 9.94 2.50 21.13 
13 5 M H N O 3 1281.23 3.47 1861.62 0.11 2.31 2939.37 122.64 289.75 6.30 13.70 190.35 7.87 1535.28 226.48 7.87 15.57 1.38 13.38 
14 5 M H N O 3 16564.69 22.92 1212.36 0.08 3.86 7293.49 814.56 1484.18 39.72 36.62 587.24 39.34 1261.71 177.05 5.69 108.44 6.55 42.68 
1 01 HjO 1.58 7.62 908.17 0.08 0.01 0.58 894.72 1416.79 1.29 6105.01 5.51 0.90 1942.20 17.65 8.91 0.06 0.09 1.81 
2 01 H2O 5.64 0.38 44.33 0.08 0.01 0.62 114.30 65.77 1.12 666.05 15.67 1.83 201.98 20.64 0.24 0.06 0.62 0.74 
3 0.01 M H N O 3 0.74 2.72 1285.88 0.08 0.01 0.58 209.96 517.20 1.33 319.11 2.81 0.90 43.01 28.04 6.65 0.06 0.13 3.25 
4 0.01 M H N O 3 0.41 1.35 2225.94 0.08 0.01 0.58 127.73 410.39 1.52 79.77 2.21 2.38 35.41 25.77 9.94 0.06 0.09 4.69 
5 0.05 M H N O 3 0.53 1.32 9064.88 0.08 0.01 0.58 133.64 484.50 3.15 55.59 2.81 1.06 98.15 38.77 36.32 0.06 0.09 10.29 
6 0.05 M H N O 3 5.49 1.10 9677.45 0.08 0.01 5.68 121.38 327.77 4.50 48.27 1.05 5.18 106.83 54.19 38.08 0.06 0.09 10.70 
7 0.1 M H N O 3 103.48 2.91 19983.12 0.08 0.01 69.53 153.41 496.64 9.00 80.38 9.00 4.66 212.83 69.72 78.42 0.06 0.53 16.88 
8 0.1 M H N O 3 187.27 2.77 18615.80 0.08 0.04 129.53 108.31 463.55 6.38 82.33 16.87 3.78 213.14 75.30 72.67 0.06 1.06 16.32 
9 0.5 M H N O 3 860.69 4.53 49120.22 0.14 1.91 910.41 150.39 1116.65 8.58 220.01 152.81 14.90 577.83 205.03 192.39 2.15 5.14 23.49 
10 0.5 M HNO3 530.59 2.83 21942.11 0.08 1.06 1310.14 75.50 502.80 5.43 96.36 164.43 11.68 262.08 239.65 79.77 5.11 3.03 18.23 
11 1 M H N O 3 1857.51 8.82 25432.29 0.23 0.77 3931.25 113.95 1198.79 11.29 112.91 274.08 15.11 344.99 592.43 97.14 11.64 3.52 30.13 
12 1 M H N O 3 930.16 4.45 5731.66 0.08 0.38 2105.06 71.15 514.70 6.14 28.98 126.67 6.82 138.49 378.23 24.58 9.02 1.42 15.07 
13 5 M H N O 3 676.78 2.02 905.74 0.08 1.61 1693.76 78.95 156.44 4.50 6.47 95.51 3.56 969.33 183.38 3.83 11.21 0.75 8.17 
14 5 M HNOa 14324.74 22.34 414.67 0.08 3.75 6343.59 764.84 1354.56 38.26 32.91 460.67 37.25 1215.13 425.30 2.35 90.68 6.14 39.93 
•Where the concentration of a particular element was found to be less than the L C D of the method, the obtained value was substituted by a value of half the detection limit to 
allow data processing. These values are marked in bold. 
189 
C H A P T E R 6: S T U D Y O F T H E T R A C E M E T A L DISTRIBUTION IN TWE A R O S A E S T U A R Y ( N . W . SPAIN) 
T A B L E 6.3.5.- DATA OBTAINED FOR T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM SEDIMENT SAMPLE #5 (mg kg'^) 
Extractant Al Ba Ca Cd Cu Fo K Mg Mn Na P Pb S SI Sr Tl V Zn 
1 Dl 2.58 7.46 554.01 0.08 0.01 0.58 686.16 818.93 1.16 4452.33 4.76 0.90 1248.13 12.15 6.34 0.06 0.09 1.06 
2 Dl HjO 13.00 0.38 15.01 0.08 0.01 0.67 78.85 34.88 1.09 461.08 14.23 1.50 130.63 12.77 0.04 0.06 0.68 0.54 
3 0.01 M HNO3 0.73 4.25 1954.53 0.08 0.01 0.58 219.94 437.45 1.42 259.40 1.05 0.90 35.86 17.64 9.60 0.06 0.09 4.52 
4 0.01 M HNO3 0.27 1.68 2804.14 0.08 0.01 0.58 168.03 323.75 1.59 72.13 1.05 1.71 32.98 18.50 12.29 0.06 0.09 5.08 
5 0.05 M HNO3 11.93 2.55 11081.67 0.08 0.01 11.34 231.05 425.27 4.72 56.20 1.05 5.47 102.70 33.36 44.65 0.06 0.09 11.62 
6 0.05 M HNOs 58.22 2.74 10742.07 0.08 0.01 39.75 180.40 298.88 4.64 47.18 6.72 1.56 103.94 37.01 42.21 0.06 0.48 11.07 
7 0.1 M HNOs 118.79 3.20 20491.67 0.08 0.01 116.65 175.31 374.23 5.51 82.65 7.09 6.25 203.45 44.67 80.76 0.06 0.97 13.01 
8 0.1 M HNO3 144.33 2.97 19118.64 0.08 0.01 162.10 118.94 319.69 4.26 79.42 16.99 5.25 192.36 50.81 74.15 0.06 1.12 12.61 
9 0.5 M HNOa 540.51 6.37 57395.06 0.11 0.29 735.10 148.92 654.99 6.76 248.45 92.41 11.20 588.38 123.00 235.63 2.16 2.75 18.64 
10 0.5 M HNO3 696.32 8.49 44501.15 0.14 0.18 1426.38 103.74 544.04 6.63 189.05 103.63 9.21 449.90 232.66 189.25 3.89 2.07 22.09 
11 1 M HNO3 704.02 4.36 21132.89 0.10 0.02 2204.04 65.15 447.89 5.87 86.16 88.06 9.26 222.79 307.99 85.80 6.17 1.53 19.53 
12 1 M HNO3 739.11 3.47 2013.44 0.08 0.01 2438.77 58.52 435.93 5.14 11.91 50.97 7.70 43.68 362.63 7.33 6.53 1.27 12.64 
13 5 M HNO3 1047.95 3.56 119.70 0.08 0.72 4265.27 112.65 485.40 5.63 5.54 75.85 9.28 2123.77 233.00 0.44 14.57 2.01 11.74 
14 5 M HNOa 1736.24 5.30 14.32 0.08 0.01 2423.46 97.39 472.83 4.75 5.83 97.15 6.87 418.34 74.10 0.03 8.33 1.37 10.13 
1 Dl HjO 3.08 7.35 619.05 0.08 0.01 0.58 781.95 899.62 1.16 5149.58 4.57 2.54 1390.13 11.59 7.24 0.06 0.09 1.18 
2 Dl HaO 10.61 0.38 19.01 0.08 0.01 0.85 87.32 34.11 1.09 499.26 12.85 1.51 136.60 14.63 0.07 0.06 0.79 0.57 
3 0.01 M HNO3 0.75 3.78 1927.91 0.08 0.01 0.58 233.37 445.84 1.42 275.83 1.05 0.90 35.99 18.34 9.62 0.06 0.03 3.87 
4 0.01 M HNO3 0.27 1.56 2771.63 0.08 0.01 0.58 175.14 324.48 1.56 67.76 1.05 4.43 32.55 16.34 12.18 0.06 0.09 4.96 
5 0.05 M HNO3 2.63 2.28 10843.27 0.08 0.01 7.01 216.45 394.14 4.31 54.97 1.05 2.55 103.62 30.46 43.15 0.06 0.09 11.07 
6 0.05 M HNOa 37.70 2.61 10854.11 0.08 0.01 33.36 188.32 292.78 4.69 48.60 1.71 4.89 107.49 36.18 42.23 0.06 0.27 11.33 
7 0.1 M HNOa 137.87 3.88 18210.03 0.08 0.01 115.34 176.08 377.27 5.44 78.31 14.94 3.90 181.47 47.68 69.58 0.06 1.07 13.89 
8 0.1 M HNO3 147.74 3.00 19416.26 0.08 0.01 156.77 119.45 335.93 4.30 83.93 14.89 9.93 196.77 47.51 73.03 0.06 1.09 12.96 
9 0.5 M HNO3 510.42 6.32 51934.77 0.08 0.40 674.37 146.73 628.48 6.23 230.11 89.26 12.62 531.55 113.45 206.84 2.40 2.58 18.54 
10 0.5 M HNO3 739.49 7.85 44574.38 0.08 0.28 1432.94 108.68 527.38 6.41 195.76 106.34 12.26 434.97 231.21 177.56 3.79 2.22 21.93 
11 1 M HNOa 573.89 4.03 18007.08 0.08 0.07 1581.50 57.85 319.40 4.69 71.78 73.53 5.33 184.97 223.58 68.70 4.57 1.16 16.92 
12 1 M HNO3 825.00 4.55 12348.25 0.12 0.01 2641.94 65.97 472.48 5.72 43.89 72.07 7.34 118.35 421.62 45.40 7.91 1.56 18.73 
13 5 M HNO3 1047.12 4.09 765.41 0.15 0.74 4521.33 117.85 502.83 6.05 8.06 75.50 9.50 2148.68 250.49 2.83 15.84 2.13 13.43 
14 5 M HNO3 1624.87 6.00 58.06 0.08 0.11 2425.40 102.25 455.44 4.99 7.24 90.53 8.59 458.55 77.76 0.18 8.61 1.39 10.79 
•Where the concentration of a particular element was found to be less than the LCD of the method, the obtained value was substituted by a value of half the detection limit to 
allow data processing. These values are marked in bold. 
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C H A P T E R 6: S T U D Y O F T H E T R A C E M E T A L DISTRIBUTION IN T H E A R O S A E S T U A R Y ( N . W . S P A I N ) 
T A B L E 6.3.6.- DATA OBTAINED F O R T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM SEDIMENT SAMPLE #8 (mg kg"^ ) 
Extractant Al Ba Ca Cd Cu Fe K Mg Mn Na P Pb S SI Sr TI V Zn 
1 Dl HjO 1.24 4.64 922.00 0.08 0.01 0.58 1083.94 2266.26 1.45 8964.05 2.66 1.16 1997.15 18.21 12.08 0.06 0.09 1.79 
2 Dl H2O 5.71 0.80 54.08 0.08 0.01 0.58 157.87 113.76 1.12 1077.92 10.21 0.90 229.69 19.83 0.45 0.06 1.01 0.60 
3 0.01 M H N O 3 0.81 4.69 802.46 0.08 0.01 0.58 249.48 586.63 1.30 431.90 1.05 1.61 34.89 29.41 4.88 0.06 0.21 1.72 
4 0.01 M H N O 3 0.27 1.84 1605.98 0.08 0.01 0.58 154.37 521.79 1.49 123.81 1.05 0.90 23.28 26.27 7.86 0.06 0.09 3.12 
5 0.05 M H N O 3 0.27 1.41 6752.50 0.08 0.01 0.58 157.97 674.22 2.96 70.17 1.05 3.10 65.81 38.42 27.79 0.06 0.09 8.68 
6 0.05 M H N O 3 0.27 0.74 7799.61 0.08 0.01 0.58 132.32 472.01 3.21 56.45 1.05 0.90 72.77 51,08 30.51 0.06 0.09 8.00 
7 0.1 M H N O 3 8.29 1.92 16919.59 0.08 0.01 29.61 150.03 513.44 8.93 66.52 1.05 0.90 155.94 54,17 64.78 0.06 0.13 13.54 
8 0.1 M H N O 3 108.32 3.48 17020.50 0.09 0.01 130.03 143.90 560.85 11.25 74.10 7.90 1.84 164.51 99.83 64.64 0.06 0.85 15.66 
9 0.5 M H N O 3 1304.22 7.20 11326.64 0.08 2.97 1311.38 223.60 515.14 10.85 51.60 191.91 23.00 106.54 314.57 42.75 6.92 8.30 23.98 
10 0.5 M H N O 3 805.84 4.20 3940.83 0.08 1.61 1076.26 141.02 236.56 5.88 22.06 103.18 9.12 47.32 330.06 13.98 6.71 3.04 12.51 
11 1 M H N O 3 689.40 3.38 540.35 0.08 0.12 345.47 30.12 51.47 3.39 3.02 24.47 1.46 24.96 121.15 1.94 2.46 0.46 2.19 
12 1 M H N O 3 601.13 2.99 48.46 0.08 0.66 745.58 93.89 114.82 3.79 5.80 59.73 5.08 31.47 284.35 0.18 7.92 0.91 5.80 
13 5 M H N O 3 1045.20 3.08 18.46 0.08 1.46 2200.46 154.16 184.46 5.03 6.12 89.13 6.79 1645.56 245.46 0.08 12.16 1.19 7.15 
14 5 M H N O 3 1875.15 4.37 12.26 0.08 0.92 2107.79 168.77 268.15 6.13 8.16 98.13 7.46 1007.69 184.47 0.18 18.47 1.23 7.96 
1 Dl H2O 1.48 5.02 931.34 0.08 0.01 0.58 1116.04 2273.47 1.44 9011.50 3.01 1.72 2063.85 19.08 11.99 0.06 0.10 1.77 
2 Dl H2O 3.89 0.65 34.92 0.08 0.01 0.58 141.46 84.06 1.11 961.49 10.52 1.13 200.22 18,30 0.27 0.06 1.11 0.56 
3 0.01 M H N O 3 0.36 4.36 967.30 0.08 0.01 0.58 257.77 646.97 1.34 401.78 1.05 0.90 30.29 28.38 5.78 0.06 0.18 2.45 
4 0.01 M H N O 3 0.27 1.55 1912.19 0.08 0.01 0.58 147.50 504.98 1.59 90.32 1.05 0.97 23.72 23.00 8.96 0.06 0.09 3.70 
5 0.05 M H N O 3 3.89 1.54 7699.07 0.08 0.01 3.01 141.14 573.14 3.64 57.59 1.05 3.44 70.31 35.21 30.85 0.06 0.09 9.44 
6 0.05 M H N O 3 0.27 0.75 8325.24 0.08 0.01 1.15 105.44 383.51 3.75 42.44 1.05 0.90 77.62 44.21 32.10 0.06 0.09 8.45 
7 0.1 M H N O 3 9.59 1.76 16258.04 0.08 0.01 26.81 115.13 419.83 8.46 61.20 1.05 2.86 147.27 49.72 62.02 0.06 0.16 12.66 
8 0.1 M H N O 3 174.39 2.75 15342.52 0.09 0.01 189.33 148.57 507.28 10.58 63.00 19.15 7.41 138.42 88.63 59.45 0.06 1.41 14.76 
9 0.5 M H N O 3 1129.50 6.46 8269.72 0.08 2.64 1212.81 209.08 467.19 9.62 43.55 177.36 23.81 84.00 288.34 31.94 7.37 7.41 21.14 
10 0.5 M H N O 3 665.17 3.15 1216.07 0.08 1.17 907.94 103.18 185.10 4.69 10.86 77.51 7.76 24.20 263.65 4.70 4.57 2.32 8.66 
11 1 M H N O 3 289.07 1.30 41.75 0.08 0.13 338.51 37.56 52.88 2.13 3.07 25.39 1.78 8.30 117.75 0.05 2.43 0.33 2.61 
12 1 M HNOa 680.00 3.04 47.66 0.08 0.49 767.69 85.86 124.04 3.49 5.63 53.53 5.00 18.61 310.74 0.16 7.26 0.81 5.04 
13 5 M HNOa 1022.62 3.32 15,20 0.08 1.31 2197.23 135.10 171.87 5.23 6.12 75.63 6.07 1513.13 282.66 0.08 14.95 1.25 7.08 
14 5 M H N O 3 2031.89 4.48 13.61 0.08 0.97 2017.04 167.55 276.43 6.62 8.13 100.57 7.83 1099.88 172.90 0.13 17.58 1.37 7.88 
•Where the concentration of a particular elertient was found to be less than the LCD of the method, the obtained value was substituted by a value of half the detection limit to 
allow data processing. These values are marked in bold. 
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C H A P T E R 6: S T U D Y O F T H E T R A C E M E T A L DISTRIBUTION IN T H E A R O S A E S T U A R Y ( N . W . S P A I N ) 
T A B L E 6.3.7.- DATA OBTAINED F O R T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM SEDIMENT SAMPLE #11 (mg kg'^) 
Extractant Al Ba Ca Cd Cu Fo K Mg Mn Na P Pb S Si Sr Tl V 2n 
1 01 H2O 1.49 7.71 447.02 0.08 0.01 0.58 446.41 832.66 1.11 3882.85 4.76 1.61 1148.51 6.35 5.16 0.06 0.09 1.18 
2 01 HiO 3.68 0.38 22.37 0.08 0.01 0.58 40.86 36.22 1.09 296.32 11.47 0.90 97.99 5.81 0.04 0.06 0.57 0.59 
3 0.01 M HNOa 0.53 3.59 1744.65 0.08 0.01 0.58 66.18 469.97 1.24 95.95 3.20 0.91 28.05 18.06 8.36 0.06 0.09 7.62 
4 0.01 M H N O 3 3.18 2.59 2126.57 0.08 0.01 1.45 51.45 217.73 1.43 33.50 5.52 0.90 25.13 23.16 8.97 0.06 0.09 9.34 
5 0.05 M H N O 3 99.94 3.87 8080.62 0.12 0.01 52.22 93.91 188.90 2.06 48.81 16.14 2.85 69.55 36.57 28.14 0.06 0.71 20.86 
6 0.05 M H N O 3 142.61 3.13 5692.91 0.08 0.71 89.67 83.49 89.90 1.63 46.53 29.57 2.76 49.43 33.00 16.99 0.06 1.65 14.63 
7 0.1 M H N O 3 196.23 1.95 5566.61 0.08 1.31 155.06 63.84 69.61 1.84 35.44 52.02 5.42 52.75 41.73 13.80 1.73 1.55 14.84 
8 0.1 M H N O 3 198.83 1.38 3042.51 0.08 0.88 178.55 54.10 64.36 2.06 24.49 55.43 3.12 33.48 52.87 7.08 2.52 0.90 11.85 
9 0.5 M HNO3 346.90 1.61 2471.10 0.08 1.42 365.28 62.11 76.59 2.77 20.69 89.82 5.03 44.08 87.73 5.71 9.06 0.88 16.48 
10 0.5 M H N O 3 381.78 1.58 202.86 0.08 0.77 313.04 53.11 59.50 3.01 10.41 59.60 3.36 17.97 89.74 0.47 7.70 0.55 7.43 
11 1 M H N O 3 319.76 1.21 20.05 0.08 0.45 247.92 42.40 42.05 2.83 5.75 40.24 4.33 18.59 74.41 0.02 9.43 0.26 5.45 
12 1 M H N O 3 1820.96 7.74 17.97 0.08 1.56 746.02 96.58 166.62 8.57 20.20 114.46 5.45 28.69 233.83 0.39 24.67 1.00 16.05 
13 5 M HNOa 619.73 1.85 7.20 0.08 17.48 940.30 65.58 78.42 6.79 4.47 58.44 2.48 800.57 125.75 0.05 30.03 0.51 8.34 
14 5 M HNOa 598.46 1.17 7.31 0.08 1.32 714.62 68.54 93.27 6.67 3.35 40.63 2.80 515.95 93.64 0.08 27.20 0.46 4.55 
1 01 H2O 1.62 8.11 432.67 0.08 0.01 0.58 435.11 798.23 1.12 3757.34 4.95 0.90 1106.23 6.39 5.01 0.06 0.10 1.13 
2 01 HjO 4.38 0.38 19.72 0.08 0.01 0.58 40.12 33.45 1.10 290.65 9.54 0.90 94.80 5.24 0.02 0.06 0.44 0.53 
3 0.01 M HNOs 0.49 3.07 1697.80 0.08 0.01 0.58 62.99 443.87 1.22 94.73 2.55 0.90 28.48 17.53 8.19 0.06 0.09 6.10 
4 0.01 M H N O 3 0.91 1.74 2146.32 0.08 0.01 0.70 50.01 220.59 1.40 31.45 3.45 1.64 25.16 22.39 9.15 0.06 0.09 8.22 
5 0.05 M H N O 3 115.60 4.74 7736.38 0.12 0.09 50.26 88.43 156.49 1.95 46.03 16.29 3.95 65.74 33.00 26.80 0.06 0.88 21.23 
6 0.05 M HNO3 111.90 3.35 5288.94 0.08 0.41 75.11 67.14 78.42 1.53 44.06 20.30 5.01 45.52 27.66 15.94 0.10 1.32 12.51 
7 0.1 M H N O 3 141.46 1.88 5569.74 0.08 0.67 125.25 52.17 54.09 1.65 33.49 32.39 6.63 51.29 31.54 14.53 1.90 1.15 9.61 
8 0.1 M HNO3 191.29 1.69 3888.08 0.08 0.41 161.21 52.20 64.74 2.00 28.69 45.09 6.31 39.35 50.79 10.20 1.90 0.82 8.46 
9 0.5 M H N O 3 292.30 1.35 4809.31 0.08 0.53 294.13 52.87 63.55 2.46 28.66 78.38 3,46 56.78 71.95 12.39 6.98 0.75 8.17 
10 0.5 M H N O 3 314.69 1.19 367.38 0.08 0.29 258.40 39.29 48.69 2.64 8.68 52.87 2.36 16.87 75.99 0.85 5.83 0.47 3.68 
11 1 M HNO3 338.65 1.11 30.63 0.08 0.19 236.59 38.47 39.83 2.66 5.71 42.60 3.17 16.37 70.44 0.03 7.89 0.27 2.93 
12 1 M H N O 3 1785.29 6.99 16.52 0.08 0.27 670.54 84.80 150.46 7.58 18.10 116.06 5.55 25.00 202.25 0.33 19.61 0.90 10.80 
13 5 M HNOa 575.19 1.52 5.60 0.08 0.66 714.97 47.79 58.33 5.31 3.35 57.98 2.89 634.53 95.66 0.00 23.04 0.36 4.36 
14 5 M HNOa 649.96 1.09 6.97 0.08 0.19 749.44 64.89 92.18 6.66 3.19 45.72 1.62 578.09 74.55 0.08 24.31 0.51 3.87 
'Where the concentration of a particular element was found to be less than the LCD of the method, the obtained value was substituted by a value of half the detection limit to 
allow data processing. These values are marked in bold. 
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C H A P T E R 6; S T U D Y O F T H E T R A C E M E T A L DISTRIBUTION IN T H E A R O S A E S T U A R Y (N.W. SPAIN) 
T A B L E 6.3.8.- DATA OBTAINED F O R T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM SEDIMENT SAMPLE #12 (mg kg"^ ) 
Extractant Al Ba Ca Cd Cu Fc K Mg Mn Na P Pb S Si Sr TI V Zn 
1 Dl H2O 2.04 9.31 252.48 0.08 0.01 0.58 246.83 392.23 1.14 1874.94 2.36 2.21 409.60 3.82 3.57 0.06 0.09 0.71 
2 Dl H2O 2.04 0.38 41.92 0.08 0.01 0.58 35.79 50.89 1.08 187.74 3.10 1.47 86.83 3.37 0.27 0.06 0.09 0.48 
3 0.01 M HNO3 0.39 3.61 2495.07 0.08 0.01 0.69 53.94 221.42 2.06 72.72 1.50 2.20 59.11 7.20 14.55 0.06 0.09 8.45 
4 0.01 M HNO3 1.07 1.93 2797.67 0.08 0.01 0.78 26.75 114.29 1.87 32.36 1.05 1.35 44.30 5.22 14.78 0.06 0.09 5.75 
5 0.05 M HNO3 10.78 2.08 10659.92 0.08 0.01 3.07 25.02 222.49 2.86 56.52 1.05 4.59 114.59 6.20 50.92 0.06 0.09 8.99 
6 0.05 M HNOa 10.18 1.49 11066.59 0.08 0.01 3.29 18.08 217.32 2.58 56.34 2.60 3.47 118.71 7.33 51.61 0.06 0.09 8.20 
7 0.1 M HNOa 16.77 1.73 21856.33 0.08 0.01 6.20 16.84 374.69 3.43 99.62 2.46 6.34 220.35 8.71 97.85 0.06 0.09 9.92 
8 0.1 M HNOa 17.08 1.66 22325.57 0.08 0.01 7.19 9.42 377.69 3.46 103.32 5.24 2.88 223.95 9.01 99.17 0.06 0.09 9.84 
9 0.5 M HNOa 61.17 3.06 79344.43 0.08 0.01 35.64 19.66 1251.21 7.61 376.18 39.02 8.21 799.55 18.91 353.98 0.06 0.09 12.78 
10 0.5 M HNOa 132.82 4.97 86813.21 0.12 0.01 98.63 25.24 1391.03 10.96 416.71 45.11 7.80 871.10 39.29 385.67 0.06 1.03 15.21 
11 1 M HNOa 249.53 4.21 91187.37 0.13 0.01 449.27 20.12 1803.30 10.90 429.26 100.19 7.08 901.56 76.16 394.35 0.06 2.26 15.79 
12 1 M HNO3 579.80 5.19 23160.01 0.08 0.01 1520.61 23.74 1174.22 9.43 98.71 105.58 9.03 257.74 287.05 99.17 3.06 2.97 17.34 
13 5 M HNO3 836.40 4.20 1156.25 0.08 0.01 1915.53 21.40 280.89 5.41 8.90 117.73 8.37 75.56 247.94 5.11 7.62 3.10 8.41 
14 5 M HNO3 1697.49 6.98 62.58 0.08 0.01 1556.74 29.62 199.32 3.64 6.62 130.88 6.39 42.30 43.00 0.19 4.78 2.40 8.43 
1 Dl H2O 2.05 8.97 279.25 0.08 0.01 0.58 279.90 430.56 1.13 2143.35 3.41 1.97 452.87 4.37 3.99 0.06 0.09 0.75 
2 Dl H2O 3.04 0.38 46.37 0.08 0.01 0.58 44.15 58.38 1.08 218.93 4.38 0.90 99.97 3.89 0.34 0.06 0.09 0.51 
3 0.01 M HNO3 0.38 3.71 2632.02 0.08 0.01 0.58 45.18 198.84 2.12 71.90 2.56 0.90 58.91 6.38 14.64 0.06 0.09 8.66 
4 0.01 M HNO3 3.57 3.37 2787.13 0.08 0.01 1.52 39.01 142.88 2.05 43.22 1.05 4.77 50.28 6.64 14.88 0.06 0.09 6.93 
5 0.05 M HNO3 11.33 2.69 10759.97 0.08 0.01 3.14 30.30 243.44 3.05 58.93 1.61 5.27 119.92 7.11 51.33 0.06 0.09 9.44 
6 0.05 M HNOa 10.95 1.67 10944.06 0.08 0.01 3.23 18.69 216.08 2.63 56.28 2.78 4.02 120.84 6.88 49.65 0.06 0.09 8.28 
7 0.1 M HNOa 16.23 1.77 21721.48 0.08 0.01 6.16 16.50 394.22 3.57 100.14 1.23 4.65 224.05 8.58 95.93 0.06 0.09 9.94 
8 0.1 M HNOa 18.13 1.78 22326.94 0.08 0.01 7.52 12.57 415.90 3.68 102.84 5.97 4.64 230.96 9.54 97.97 0.06 0.09 9.91 
9 0.5 M HNOa 67.81 3.24 79726.29 0.08 0.01 37.82 21.69 1304.02 8.14 376.68 40.96 4.13 822.93 20.44 350.47 0.06 0.53 12.76 
10 0.5 M HNO3 143.18 5.25 82689.80 0.15 0.01 103.53 28.02 1618.55 10.27 399.02 52.15 9.89 833.27 39.37 362.38 0.06 1.01 15.13 
11 1 M HNO3 211.90 3.95 87772.56 0.13 0.01 356.53 19.84 1995.46 9.23 408.48 93.03 9.23 865.84 61.95 383.30 0.06 1.83 14.60 
12 1 M HNO3 596.56 5.87 33153.47 0.08 0.01 1610.45 24.05 1701.17 12.56 146.40 115.95 8.01 351.51 305.59 154.48 2.60 3.45 18.36 
13 5 M HNOa 740.80 4.44 1581.37 0.08 0.01 1868.16 15.33 298.32 6.22 10.64 103.52 8.03 74.10 169.00 6.94 4.36 2.97 8.80 
14 5 M HNOa 1999.79 8.98 130.36 0.08 0.01 2325.75 36.14 308.65 4.20 8.62 166.13 8.82 50.85 51.81 0.52 6.25 3.55 11.22 
*Where the concentration of a particular element was found to be less than the LCD of the method, the obtained value was substituted by a value of half the detection limit to 
allow data processing. These values are marked in bold. 
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C H A P T E R 6: S T U D Y O F T H E T R A C E M E T A L DISTRIBUTION IN T H E A R O S A E S T U A R Y (N .W. SPAIN) 
T A B L E 6.3.9.- DATA OBTAINED F O R T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM SEDIMENT SAMPLE #13 (mg kg*^ ) 
Extractant Al Ba Ca Cd Cu Fo K Mg Mn Na P Pb S Si Sr Tl V Zn 
1 Dl H2O 2.23 6.27 492.94 0.08 0.01 0.58 597.01 755.57 1.17 3995.30 6.18 0.47 672.75 10.58 6.12 0.06 0.10 1.29 
2 Dl H2O 8.83 0.38 12.17 0.08 0.01 0.58 60.80 27.21 1.11 326.68 13.81 1.03 58.73 11.46 0.01 0.06 0.59 0.58 
3 0.01 M HNO3 0.62 3.61 1971.68 0.08 0.01 0.58 191.87 417.27 1.48 153.72 3.07 0.98 21.59 17.59 9.79 0.06 0.09 5.65 
4 0.01 M HNOs 0.34 1.28 2713.04 0.08 0.01 0.58 130.44 234.16 1.66 41.13 3.75 0.90 20.05 14.33 11.63 0.06 0.09 5.42 
5 0.05 M HNO3 2.39 1.60 10725.14 0.08 0.01 5.38 153.32 319.26 3.79 46.48 1.05 0.90 69.06 22.44 43.53 0.06 0.09 11.09 
6 0.05 M HNGj 8.15 1.69 11215.03 0.08 0.01 13.23 117.48 240.64 3.72 46.55 1.05 3.86 78.39 22.34 45.29 0.06 0.09 10.85 
7 0.1 M HNO3 36.85 1.85 21040.34 0.08 0.01 45.51 104.69 364.84 5.00 77.40 1.45 4.43 150.03 24.70 86.23 0.06 0.34 12.78 
8 0.1 M HNO3 36.92 1.77 22421.04 0.08 0.01 68.19 84.63 379.32 4.69 83.44 1.45 0.90 165.74 28.21 92.52 0.06 0.29 12.70 
9 0.5 M HNO3 339.90 4.76 60119.62 0.08 0.11 556.53 128.58 1025.64 9.65 231.46 80.16 12.29 503.65 79.08 284.28 0.25 1.80 19.85 
10 0.5 M HNO3 485.44 3.89 46684.73 0.10 0.16 1225.60 102.70 787.93 8.61 178.90 141.33 12.07 417.69 144.21 222.61 2.94 2.04 20.40 
11 1 M HNO3 488.53 2.76 18556.69 0.08 0.01 2030.92 73.86 420.67 6.42 74.13 86.28 7.96 158,14 258.68 84.37 3.93 1.10 19.92 
12 1 M HNO3 479.08 1.55 2033.98 0.08 0.01 2379.91 45.60 303.18 5.31 11.28 45.40 2.49 25.54 300.94 9.06 4.14 0.80 12.00 
13 5 M HNO3 600.06 1.25 100.06 0.08 0.36 2756.53 66.68 348.04 4.86 4.21 55.69 4.73 157.75 248.40 0.37 8.71 1.03 9.95 
14 5 M HNO3 579.18 1.15 15.88 0.08 0.01 1704.34 49.42 213.87 3.31 2.80 45.09 4.10 199.70 118.94 0.01 6.86 0.66 6.02 
1 Dl H2O 2.11 6.55 536.08 0.08 0.01 0.58 634.40 817.97 1.17 4261.15 6.88 1.48 772.00 9.57 6.66 0.06 0.09 1.17 
2 Dl H2O 4.17 0.38 26.16 0.08 0.01 0.58 78.57 35.64 1.11 394.67 10.53 0.94 86.33 10.97 0.11 0.06 0.55 0.61 
3 0.01 M HNOa 0.59 2.70 2026.21 0.08 0.01 0.58 191.67 439.80 1.48 170.63 2.26 0.90 27.18 16.19 10.11 0.06 0.09 6.17 
4 0.01 M HNO3 1.25 1.53 2647.57 0.08 0.01 0.58 131.20 243.68 1.63 48.17 2.88 1.17 21.91 13.76 11.47 0.06 0.09 6.15 
5 0.05 M HNO3 5.12 1.46 10777.93 0.08 0.01 8.18 144.15 318.25 3.88 49.28 1.05 1.60 75.32 22.47 43.38 0.06 0.09 10.92 
6 0.05 M HNO3 33.86 1.58 11134.45 0.08 0.01 17.94 110.51 239.10 3.81 46.38 14.16 0.90 84.50 23.36 44.84 0.06 0.14 10.63 
7 0.1 M HNO3 49.45 2.34 21465.80 0.08 0.01 45.38 111.37 387.37 4.92 81.31 9.66 5.42 164.77 28.45 88.42 0.06 0.39 13.53 
8 0.1 M HNO3 58.69 1.95 21345.59 0.08 0.01 66.57 84.09 355.58 4.32 80.09 10.11 3.68 169.35 26.49 88.62 0.06 0.52 13.11 
9 0.5 M HNO3 325.20 4.81 63179.81 0.08 0.13 457.52 129.35 1069.83 9.15 245.73 95.68 11.74 567.73 64.45 298.70 0.20 2.07 19.18 
10 0.5 M HNOa 402.55 4.51 44484.63 0.10 0.08 970.47 107.71 764.06 7.88 172.09 117.90 9.83 431.52 123.44 218.30 2.29 1.54 19.98 
11 1 M HNOa 403.33 3.44 24245.69 0.08 0.01 1467.28 74.75 435.97 5.99 95.16 90.10 9.01 234.06 171.24 121.60 3.04 0.97 18.76 
12 1 M HNO3 490.36 2.23 5577.78 0.08 0.01 2247.05 45.89 326.89 5.63 25.80 53.12 5.48 57.36 269.62 29.08 2.68 0.87 15.59 
13 5 M HNO3 511.56 1.33 932.11 0.08 0.16 2655.33 50.98 308.09 4.94 7.19 52.76 3.24 108.90 215.79 5.69 6.16 0.88 10.13 
14 5 M HNO3 568.59 1.26 81.32 0.08 0.01 2306.70 49.19 288.61 4.09 3.57 43.52 4.64 285.68 81.00 0.39 5.65 0.93 7.65 
"Where the concentration of a particular element was found to be less than the LCD of the method, the obtained value was substituted by a value of half the detection limit to 
allow data processing. These values are marked In bold. 
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C H A P T E R 6: S T U D Y O F T H E T R A C E METAL DISTRIBUTION IN T H E A R O S A E S T U A R Y (N.W. SPAIN) 
T A B L E 6.3.10.- DATA OBTAINED F O R T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM SEDIMENT SAMPLE # 1 4 (mg kg'^) 
Extractant Al Ba Ca Cd Cu Fe K Mg Mn Na P Pb S SI Sr Tl V Zn 
1 01 HJO 2.02 7.51 1307.12 0.08 0.01 0.58 1304.28 2012.34 1.25 9314.19 6.61 0.90 2450.16 16.33 13.72 0.06 0.09 2.04 
2 01 H2O 4.59 0.45 50.01 0.08 0.01 0.87 142.24 73.73 1.11 855.27 13.26 0.90 224.64 17.62 0.33 0.06 0.89 0.68 
3 0.01 M HNOa 0.79 2.99 928.71 0.08 0.01 0.58 279.38 466.35 1.23 411.25 3.32 0.90 36.82 24.68 5.16 0.06 0.09 3.46 
4 0.01 M HNO3 0.38 1.24 1979.03 0.08 0.01 0.58 194.57 491 .95 1.36 94.84 1.14 0.90 27.74 26.54 9.33 0.06 0.09 4.39 
5 0.05 M HNO3 0.72 1.35 12758.77 0.08 0.01 1.93 217.94 692.96 3.41 66.75 1.05 3.86 114.38 49.38 49.86 0.06 0.09 12.25 
6 0.05 M HNO3 10.50 1.51 14954.73 0.08 0.01 14.94 179.60 406.34 5.18 57.64 1.05 1.70 128.37 60.76 55.40 0.06 0.15 11.63 
7 0.1 M HNOa 25.65 1.75 20063.49 0.08 0.01 51.71 171.75 402.20 9.06 67.03 1.05 0.90 168.29 65.09 72.82 0.06 0.21 12.65 
8 0.1 M HNO3 176.90 2.66 19214.25 0.08 0.01 171.53 138.74 346.10 9.28 68.49 20.54 7.48 169.20 78.47 67.82 0.06 1.13 16.78 
9 0.5 M HNO3 1293.37 5.69 21605.11 0.10 2.91 1625.51 224.05 490.26 10.06 81.04 274.87 28.61 206.76 280.24 77.76 8.69 8.96 28.17 
10 0.5 M HNO3 607.79 3.07 3645.77 0.08 1.28 1387.75 122.68 223.14 5.58 18.98 121.62 9.86 52.90 314.37 14.21 8.59 2.86 13.99 
11 1 M HNOa 516.55 3.06 434.90 0.08 0.77 1199.04 90.75 147.61 4.14 7.45 68.35 4.21 29.19 300.85 1.68 8.90 1.20 8.37 
12 1 M HNOa 1106.72 5.88 83.36 0.08 0.65 1621.36 112.82 238.53 5.95 10.74 89.95 5.51 34.93 539.73 0.40 10.95 1.35 12.14 
13 5 M HNOa 822.57 3.25 25.30 0.08 1.86 2530.17 141.66 174.77 6.07 5.60 85.04 3.89 1460.55 308.77 0.13 16.57 1.25 9.69 
14 5 M HNOa 1101.39 3.81 16.53 0.08 1.26 2473.69 157.29 209.47 6.51 6.63 86.55 4.95 1336.28 275.93 0.13 18.60 1.24 9.68 
1 01 H2O 2.31 6.04 1290.74 0.08 0.01 0.58 1396.63 2111.93 1.25 9155.23 6.24 0.90 2563.16 18.41 13.86 0.06 0.09 1.98 
2 01 H2O 5.56 0.70 46.49 0.08 0.01 0.90 144.76 73.61 1.11 839.47 16.17 0.90 228.39 18.18 0.32 0.06 1.07 0.66 
3 0.01 M HNO3 0.98 4.24 1173.18 0.08 0.01 0.58 280.86 476.03 1.27 390.50 4.04 1.21 34.51 22.40 6.18 0.06 0.09 4.03 
4 0.01 M HNO3 0.35 1.50 2138.69 0.08 0.01 0.58 207.89 506.27 1.41 104.31 2.34 0.90 30.09 26.47 9.95 0.06 0.09 4.75 
5 0.05 M HNO3 2.74 1.51 13954.31 0.08 0.01 4.99 244.34 767.33 4.30 72.94 1.05 2.04 124.96 48 .15 54.61 0.06 0.09 12.42 
6 0.05 M HNOa 12.93 1.65 15149.40 0.08 0.01 17.62 182.80 413.64 5.47 60.02 1.05 2.58 137.98 62.78 56.24 0.06 0.12 11.89 
7 0.1 M HNO3 127.96 2.29 19822.43 0.08 0.01 84.89 179.37 365.90 8.38 68.10 17.52 1.62 167.68 68.98 71.57 0.06 0.89 14.70 
8 0.1 M HNO3 205.50 2.67 16590.24 0.08 0.02 160.40 143.30 314.99 7.78 60.92 29.26 6.15 143.25 73.68 58.43 0.06 1.54 15.28 
9 0.5 M HNOa 1162.20 5.70 26608.56 0.09 2.75 1538.45 231.50 536.97 10.54 111.57 247.27 24.20 236.34 278.85 92.02 8.78 8.10 26.91 
10 0.5 M HNO3 520.80 2.87 5788.06 0.08 1.04 1181.19 105.53 195.38 4.99 31.38 109.66 8.73 65.08 264.06 17.76 7.23 2.38 13.97 
11 1 M HNO3 505.90 2.94 532.41 0.08 0.77 1207.04 90.50 150.74 4.26 8.64 66.18 5.24 29.53 280.85 1.65 7.80 1.24 8.44 
12 1 M HNO3 1107.47 5.81 68.33 0.08 0.66 1603.65 109.40 241.19 6.16 11.11 86.72 6.27 32.97 454.17 0.30 9.29 1,39 12.26 
13 5 M HNOa 658.98 2.53 12.95 0.08 1.75 2039.91 122.04 132.85 5.10 4.42 75.47 3.44 1220.65 242.96 0.04 13.79 0.97 7.90 
14 5 M HNOa 531.51 1.57 6.83 0.08 0.38 1626.67 60.41 100.26 3.96 2.46 43.14 4.90 1164.31 80.75 0.01 7.21 0.65 5.10 
•Where the concentration of a particular element was found to be less than the LCD of the method, the obtained value was substituted by a value of half the detection limit to 
allow data processing. These values are marked in bold. 
195 
C H A P T E R 6: S T U D Y O F T H E T R A C E METAL DISTRIBUTION IN T H E A R O S A E S T U A R Y (N.w. SPAIN) 
T A B L E 6 . 3 . 1 1 D A T A OBTAINED F O R T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM SEDIMENT SAMPLE #15 (mg kg'^) 
Extractant Al Ba Co Cd Cu Fo K Mg Mn Na P Pb S Si Sr TI V Zn 
1 Dl H2O 2.43 6.73 1128.22 0.08 0.01 0.58 1212.58 1938.93 1.24 8189.81 6.95 0.90 1759.17 17.60 12.83 0.06 0.09 1.83 
2 Dl H2O 4.90 0.44 49.88 0.08 0.01 0.67 148.54 80.70 1.11 858.83 14.06 0.90 168.61 17.68 0.37 0.06 0.84 0,67 
3 0.01 M HNO3 0.69 3.23 1446.35 0.08 0.01 0.58 281.49 579.29 1.32 392.93 2.14 0.90 29.60 28.86 7.89 0.06 0.09 4.69 
4 0.01 M HNO3 0.48 1.01 2343.49 0.08 0.01 0.58 176.74 504.95 1.42 88.21 2.43 0.90 22.30 23.46 11.01 0.06 0.09 5.12 
5 0.05 M HNO3 0.40 1.18 10450.30 0.08 0.01 0.58 178.22 616.32 2.57 58.44 1.05 3.35 75.22 44.63 42.43 0.06 0.09 10,39 
6 0.05 M HNO3 1.37 0.40 11320.18 0.08 0.01 2.92 114.89 314.21 3.35 44.59 0.82 3.63 79.10 38.64 42.85 0.06 0.09 9.48 
7 0.1 M HNO3 53.07 2.06 20760.68 0.08 0.01 37.81 135.12 372.95 6.73 73.62 1.05 1.94 142.48 61.47 78.84 0.06 0.41 14.28 
8 0.1 M HNOa 136.44 2.44 21223.09 0.08 0.01 90.36 119.66 377.59 7.51 79.73 16.54 3.90 148.54 68.39 79.43 0.06 0.88 15.53 
9 0.5 M HNOa 1157.53 5.34 31065.07 0.12 3.23 1200.97 199.15 597.51 10.08 122.71 250.92 28.89 220.43 236.77 113.40 7.54 7.87 27.52 
10 0.5 M HNOa 571.35 2.72 4148.37 0.08 1.48 1279.10 104.33 233.36 5.13 21.69 130.47 10.09 43.83 266.49 14.54 8.73 2.64 14.56 
11 1 M HNOa 434.02 2.72 370.88 0.08 0.79 999.86 64.87 141.67 3.64 7.55 62.29 8.14 16.73 224.69 1.28 6.33 0.98 8.03 
12 1 M HNOa 363.61 2.02 62.65 0.08 0.40 697.78 50.07 104.33 3.01 4.60 39.57 4.26 9.99 188.31 0.17 5.28 0.55 5.53 
13 5 M HNOa 501.21 2.04 16.67 0.08 1.64 1249.23 88.43 128.26 3.97 4.13 61.01 3.48 399.80 212.23 0.05 11.53 0.75 7.31 
14 5 M HNOa 593.29 1.99 17.49 0.08 1.16 2336.34 102.58 159.87 5.26 4.11 59.15 2.17 1177.01 194.97 0.07 14.15 1.06 7.51 
1 Dl H2O 2.26 3.93 1054.02 0.08 0.01 0.58 1145.56 1808.46 1.24 7810.56 7.05 1.13 1756.57 16.82 11.91 0.06 0.05 1.76 
2 Dl H2O 6.19 0.38 46.57 0.08 0.01 0.81 139.04 71.92 1.11 798.88 17.44 0.90 174.26 21.31 0.31 0.06 1.04 0.70 
3 0.01 M HNO3 0.83 4.14 1302.44 0.08 0.01 0.58 275.13 547.78 1.29 374.69 3.18 1.02 30.71 27.96 7.06 0.06 0.11 3.48 
4 0.01 M HNOa 0.50 1.66 2256.16 0.08 0.01 0.58 173.71 483.67 1.40 90.34 1.05 1.33 22.34 21.87 10.38 0.06 0.09 5.00 
5 0.05 M HNOa 0.31 1.37 10593.11 0.08 0.01 0.73 172.66 619.90 2.71 53.55 1.05 0.90 81.09 40.54 42.85 0.06 0.09 10.23 
6 0.05 M HNOa 4.63 1.03 11547.74 0.08 0.01 3.45 119.64 319.68 3.25 44.00 1.05 1.79 84.34 40.12 44.00 0.06 0.09 9.86 
7 0.1 M HNOa 20.64 1.82 21041.80 0.08 0.01 29.94 124.20 382.02 6.70 74.87 1.05 4.83 152.58 59.62 79.62 0.06 0.23 13.42 
8 0.1 M HNOa 116.16 2.22 20912.09 0.08 0.01 88.73 113.60 370.36 7.71 78.59 15.76 4.24 156.31 67.50 78.77 0.06 0.73 15.16 
9 0.5 M HNO3 1239.53 5.65 31566.81 0.16 3.13 1293.13 201.31 628.13 10.70 125.99 275.32 25.13 238.92 256.11 117.00 7.57 8.01 29.38 
10 0.5 M HNO3 561.01 2.38 5042.92 0.08 1.45 1203.19 101.95 231.77 5.09 24.40 124.05 8.29 51.79 255.91 18.13 8.43 2.56 14.47 
11 1 M HNO3 391.38 2.32 394.29 0.08 0.73 884.47 61.30 127.11 3.34 6.74 53.18 3.19 16.75 203.94 1.37 5.86 0.81 7.29 
12 1 M HNOa 434.08 2.45 80.82 0.08 0.44 761.77 56.90 115.44 3.16 5.10 46.14 3.77 12.50 223.65 0.23 6.49 0.57 6.17 
13 5 M HNOa 477.83 1.71 34.49 0.08 1.93 1411.12 100.28 142.93 4.26 4.02 61.47 5.10 455.17 240.24 0.12 13.54 0.87 7.35 
14 5 M HNO3 1364.40 3.81 19.34 0.08 0.91 2501.18 127.50 209.07 6.41 6.17 87.12 7.69 1237.64 203.25 0.11 16.61 1.15 9.55 
•Where the concentration of a particular element was found to be less than the LCD of the method, the obtained value was substituted by a value of half the detection limit to 
allow data processing. These values are marked in bold. 
196 
C H A P T E R 6: S T U D Y O F T>HE T R A C E M E T A L DISTRIBUTION IN T H E A R O S A E S T U A R Y ( N . W . SPAIN) 
T A B L E 6 .3 .12 . - DATA OBTAINED FOR T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM SEDIMENT SAMPLE # 1 8 (mg kg'^) 
Extractant Al Ba Ca Cd Cu Fe K Mg Mn Na P Pb S SI Sr TI V Zn 
1 Dl HjO 1.69 7.78 971.38 0.08 0.01 0.58 1091.40 2342.16 1.14 9025.68 3.60 1.95 2190.77 18.29 11.88 0.06 0.14 1.95 
2 Dl HjO 3.55 0.68 39.04 0.08 0.01 0.58 133.77 87.33 1.10 986.63 8.62 0.90 208.16 17.62 0.27 0.06 1.13 0.63 
3 0.01 M HNO3 0.27 3.34 650.12 0.08 0.01 0.58 217.32 518.52 1.13 532.67 1.05 1.73 28.65 34.06 3.79 0.06 0.33 2.74 
4 0.01 M HNOa 0.27 1.37 1472.38 0.08 0.01 0.58 151.02 608.75 1.18 158.23 1.05 2.57 19.56 35.91 6.99 0.06 0.21 3.63 
5 0.05 M HNOa 0.27 1.35 6803.25 0.08 0.01 0.81 178.40 801.24 1.72 89.44 1.05 1.45 58.65 72.88 26.93 0.06 0.12 9.30 
6 0.05 M HNO3 5.65 1.74 7420.99 0.08 0.01 12.64 155.64 372.85 2.45 56.57 1.05 1.85 57.65 82.18 26.77 0.06 0.10 12.33 
7 0.1 M HNO3 608.78 3.99 10478.98 0.19 1.49 240.28 248.84 387.56 4.84 56.25 30.29 5.83 75.40 185.19 36.61 0.06 3.92 23.95 
8 0.1 M HNOa 1183.22 6.23 5783.64 0.08 5.04 690.63 209.77 341.10 4.21 44.77 60.78 12.49 48.10 374.15 17.24 1.07 9.66 23.25 
9 0.5 M HNO3 983.59 4.08 5423.90 0.08 5.19 1354.85 125.48 175.19 3.19 31.90 154.04 17.52 64.64 316.64 11.60 12.07 4.79 13.59 
10 0.5 M HNO3 767.21 3.29 665.51 0.08 3.00 1031.08 90.18 123.94 3.15 10.33 102.01 9.97 32.38 329.74 1.61 12.71 2.35 6.74 
11 1 M HNO3 601.27 1.12 62.13 0.08 1.46 745.90 66.21 78.60 1.99 4.79 54.28 6.79 30.59 198.46 0.19 9.04 1.10 4.32 
12 1 M HNO3 316.34 1.59 11.24 0.08 0.79 498.52 52.00 65.22 2.46 4.69 41.24 4.15 26.55 175.46 0.01 10.28 0.49 3.13 
13 5 M HNO3 712.46 2.11 8.79 0.08 2.86 1844.80 94.26 110.25 7.90 6.01 66.79 7.10 1798.11 160.14 0.04 21.12 1.11 7.12 
14 5 M HNOa 1221.13 2.98 13.00 0.08 1.79 1688.01 110.00 210.51 9.01 7.49 80.28 6.79 1046.98 126.14 0.15 22.13 1.34 7.37 
1 Dl HjO 1.23 5.91 832.53 0.08 0.01 0.58 929.10 1969.98 1.13 7965.81 2.94 0.90 1847.59 16.16 10.08 0.06 0.12 1.79 
2 Dl H2O 2.14 0.55 25.97 0.08 0.01 0.58 98.82 64.86 1.10 752.53 8.68 2.63 177.01 15.79 0.13 0.06 1.07 0.59 
3 0.01 M HNO3 0.27 3.93 851.55 0.08 0.01 0.58 214.35 583.81 1.14 479.04 1.05 4.13 27.13 33.80 4.75 0.06 0.25 2.56 
4 0.01 M HNO3 0.27 1.39 1567.19 0.08 0.01 0.58 127.52 545.87 1.21 123.07 1.05 3.02 18.88 31.89 7.09 0.08 0.17 3.26 
5 0.05 M HNO3 12.14 1.84 6647.04 0.08 0.01 3.01 157.91 682.25 1.86 72.39 1.05 3.56 52.15 64.98 25.70 0.06 0.12 11.05 
6 0.05 M HNO3 67.04 1.85 6988.02 0.08 0.01 21.22 151.20 348.64 2.47 50.64 4.09 3.84 54.87 91.16 25.26 0.06 0.41 11.22 
7 0.1 M HNO3 789.03 2.99 10862.83 0.28 2.00 251.36 268.29 327.95 4.90 51.92 39.70 6.75 75.26 172.39 38.12 0.12 5.32 25.83 
8 0.1 M HNO3 671.43 5.45 2951.42 0.08 4.50 476.80 141.92 219.31 2.89 23.53 57.62 11.96 27.45 183.46 8.53 1.85 6.90 13.14 
9 0.5 M HNO3 910.97 6.01 3553.03 0.08 4.53 1255.15 120.50 232.18 3.51 32.14 113.58 17.17 50.76 335.56 7.07 9.88 4.94 15.53 
10 0.5 M HNO3 562.42 2.31 481.91 0.08 2.35 826.90 66.90 101.95 2.66 7.97 73.42 7.61 25.41 237.92 0.92 8.60 1.99 5.45 
11 1 M HNO3 574.08 2.28 54.05 0.08 1.61 763.13 68.61 93.56 2.98 5.65 60.32 6.25 31.21 276.11 0.10 11.64 1.19 4.30 
12 1 M HNO3 489.58 1.97 13.96 0.08 0.91 509.71 56.89 73.68 2.73 4.79 44.47 4.48 25.31 237.69 0.01 11.09 0.63 3.33 
13 5 M HNOa 828.31 2.26 9.65 0.08 2.71 2093.13 99.30 123.18 8.02 5.95 68.14 7.65 1841.35 181.85 0.07 20.49 1.22 7.18 
14 5 M HNO3 1553.23 3.01 12.24 0.08 1.93 1759.82 123.76 216.33 8.41 7.50 86.31 6.64 1172.56 139.05 0.16 27,02 1.37 7.25 
•Where the concentration of a particular element was found to be less than the LCD of the method, the obtained value was substituted by a value of half the detection limit to 
allow data processing. These values are marked in bold. 
197 
C H A P T E R 6: S T U D Y O F TWE T R A C E M E T A L DISTRIBUTION IN T H E A R O S A E S T U A R Y (N.W. SPAIN) 
T A B L E 6 .3 .13 . - DATA OBTAINED FOR T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM SEDIMENT SAMPLE #21 (mg kg'^) 
Extractant Al Ba Ca Cd Cu Fc K Mg Mn Na P Pb S SI Sr Tl V Zn 
1 01 H2O 1.56 4.42 1457.80 0.08 0.01 0.58 1344.41 3091.97 1.15 11023.19 3.10 0.90 2969.97 20.90 14.68 0.06 0.09 2.39 
2 01 H2O 2.94 0.99 64.53 0.08 0.01 0.58 166.07 145.10 1.10 1313.86 9.81 1.06 327.57 20.48 0.50 0.06 0.68 0.73 
3 0.01 M HNO3 0.27 3.07 610.62 0.08 0.01 0.58 205.24 487.35 1.13 586.27 1.05 1.44 33.34 36.02 3.24 0.06 0.26 1.81 
4 0.01 M HNO3 0.27 1.78 1301.79 0.08 0.01 0.58 144.63 576.59 1.20 190.76 1.05 3.45 19.39 34.68 5.70 0.06 0.13 3.59 
5 0.05 M HNOa 8.30 1.75 6542.55 0.08 0.01 2.65 188.01 865.89 2.00 98.98 1.05 0.90 58.26 85.44 24.97 0.06 0.09 11.41 
6 0.05 M HNO3 100.25 1.66 7214.57 0.10 0.01 16.16 196.83 455.31 2.84 58.56 5.65 1.61 59.35 122.87 26.63 0.06 0.20 13.66 
7 0.1 M HNOa 1223.95 4.87 9333.08 0.39 2.69 208.08 359.89 428.33 4.94 49.64 57.88 9.20 68.04 193.77 35.72 0.51 6.28 28.84 
8 0.1 M HNO3 875.27 3.71 2604.35 0.08 4.00 456.26 156.98 309.29 3.33 25.50 62.15 13.67 25.11 227.22 9.84 1.95 8,71 16.08 
9 0.5 M HNO3 1007.21 6.56 2565.86 0.08 5.18 1481.53 125.89 293.14 3.64 34.01 154.95 19.03 52.80 367.90 8.66 12.75 8.84 16.05 
10 0.5 M HNO3 623.42 2.47 320.91 0.08 2.88 1209.61 65.36 123.18 2.85 7.86 111.70 8.54 31.57 266.11 1.09 11.44 4.33 5.90 
11 1 M HNO3 588.91 2.48 44.93 0.08 2.02 1058.86 63.62 99.82 2.85 5.82 85.62 6.18 35.98 277.78 0.15 1 2 . 5 4 1.96 4.52 
12 1 M HNO3 445.81 1.95 11.22 0.08 0.95 596.45 49.79 68.56 2.36 4.17 51.71 4.43 27.68 213.73 0.01 11.67 0.75 3.17 
13 5 M HNO3 370.60 1.47 6.66 0.08 2.38 615.96 46.16 54.36 2.55 3.87 48.19 3.77 338.80 135.81 0.01 13.37 0.54 4.08 
14 5 M HNO3 1161.77 1.77 9.95 0.20 2.27 3983.37 84.56 186.49 10.85 5.87 75.75 7.99 3928.82 89.20 0.11 22.36 1.76 8.80 
1 01 H2O 1.50 5.71 1538.36 0.08 0.01 0.58 1403.13 3166.72 1.15 12328.60 4.32 0.90 3287.31 22.97 15.52 0.06 0.07 2.82 
2 01 H2O 4.49 1.49 69.83 0.08 0.07 0.58 166.78 144.27 1.10 1333.38 12.69 0.90 294.46 25.56 0.55 0.06 0.96 0.83 
3 0.01 M HNO3 0.27 3.33 635.29 0.08 0.01 0.58 209.43 503.28 1.13 597.96 1.05 1.86 28.34 38.66 3.34 0.06 0.25 2.35 
4 0.01 M HNO3 0.27 1.37 1462.28 0.08 0.01 0.58 145.86 632.72 1.19 174.20 1.05 3.58 21.37 39.78 6.41 0.06 0.15 3.52 
5 0.05 M HNOa 7.62 1.79 7062.49 0.08 0.01 1.96 188.74 865.15 1.92 96.40 1.05 1.92 64.97 88.77 26.65 0.06 0.09 10.51 
6 0.05 M HNO3 33.13 1.41 7707.42 0.08 0.01 9.84 187.32 475.23 2.66 60.17 1.05 0.60 64.12 120.67 27.84 0.06 0.10 11.88 
7 0.1 M HNO3 1200.55 5.10 10079.36 0.51 1.58 225.29 391.92 514.25 6.12 53.84 50.56 9.57 74.29 262.42 38.03 0.06 5.19 34.45 
8 0.1 M HNO3 1156.41 3.74 2703.56 0.17 5.78 559.72 188.42 275.56 3.29 23.97 95.01 15.29 28.17 239.66 9.87 2.31 11.27 16.89 
9 0.5 M HNO3 1148.52 6.88 1101.82 0.08 6.17 1776.74 138.31 302.14 3.83 26.04 190.28 22.35 45.78 416.96 4.14 17.07 9.80 15.29 
10 0.5 M HNO3 652.99 2.69 143.65 0.08 3.05 1282.36 74.97 127.79 2.99 7.44 116.96 11.17 31.42 289.91 0.57 13.01 4.27 5.86 
11 1 M HNOa 630.39 2.73 20.88 0.08 2.02 1088.45 74.75 102.00 2.95 5.52 90.59 4.02 39.92 309.16 0.08 16.49 1.76 4.47 
12 1 M HNO3 421.71 1.74 7.74 0.08 0.88 470.20 49.61 61.49 2.29 4.62 43.30 3.70 24.39 219.81 0.01 11.57 0.55 2.85 
13 5 M HNO3 534.61 1.57 5.88 0.08 2.71 1881.06 60.49 76.90 5.76 4.33 55.84 4.23 1785.12 156.46 0.01 15.14 0.91 6.00 
14 5 M HNO3 1154.30 1.94 10.49 0.11 2.33 3129.75 89.69 187.23 8.93 6.14 75.29 6.25 2767.82 123.06 0.12 24.69 1.56 7.99 
*Where the concentration of a particular element was found to be less than the LCD of the method, the obtained value was substituted by a value of half the detection limit to 
allow data processing. These values are marked in bold. 
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C H A P T E R 6: S T U D Y O F T H E T R A C E M E T A L DISTRIBUTION IN T H E A R O S A E S T U A R Y (N.W. SPAIN) 
T A B L E 6.3.14.- DATA OBTAINED FOR T H E SEQUENTIAL EXTRACTION L E A C H A T E S FROM SEDIMENT SAMPLE # 2 4 (mg kg'^) 
Extractant Al Ba Ca Cd Cu Fo K Mg Mn Na P Pb S SI Sr Tl V Zn 
1 Dl HjO 0.55 4.48 2449 .36 . 0.08 0.01 0.58 1352.15 3202.48 1.86 10142.04 4.71 1.07 3794.17 36.12 19.93 0.06 0.09 7.67 
2 Dl H2O 0.95 2.18 127.12 0.08 0.13 0.58 187.23 159.27 1.14 1272.03 8.96 0.90 394.33 15.98 0.80 0.08 0.10 0,86 
3 0.01 M HNO3 0.54 4,34 645.66 0.08 0.01 0.58 196.47 469.24 1.44 489.09 3.30 1.92 45.02 55.82 3.26 0.06 0.09 3.62 
4 0.01 M HNOa 0.40 1.49 995.04 0.08 0.01 0.58 127.76 491.15 1.88 133.68 3.02 0.94 19.33 60.75 4.43 0.06 0.09 3.99 
5 0.05 M HNOa 265.14 3.46 4785.71 0.21 0.78 71.65 367.05 880.87 10.66 76.31 7.74 1.25 40.44 227.24 22.75 0.06 0,33 32.47 
6 0.05 M HNOa 969.26 3.48 2183.33 0.09 10.16 274.47 279.09 322.64 6.64 45.25 27.00 5.29 22.06 171.75 10.25 0.06 3,50 26.71 
7 0.1 M HNOa 795.84 2.16 785.25 0.08 20.74 653.69 141.08 122.56 3.80 18.43 74.35 7.93 16.26 179.43 3.16 2.99 5,17 14.06 
8 0.1 M HNOa 540.95 1.66 239.96 0.08 10.98 735.78 76.33 95.80 3.30 12.92 78.27 7.64 12.77 224.72 0.85 3.78 3.60 9.94 
9 0.5 M HNO3 661.24 1.44 76.42 0.08 10.83 1562.41 74.00 86.93 3.48 8.33 198.34 12.12 32.80 275.29 0.32 18.93 3.60 7.49 
10 0.5 M HNOa 563.47 1.35 19.87 0.08 5.45 1156.83 56.91 81.19 3.88 6.61 131.51 7.67 29.69 264.39 0.09 14.00 2.51 5.79 
11 1 M HNO3 430.09 1.18 7.75 0.08 3.77 822.60 46.05 57.53 3.31 4.33 88.63 2.96 32.59 204.09 0.01 13.70 1.15 3.97 
12 1 M HNOa 2139.41 7.09 17.52 0.08 4.19 1701.24 105.69 239.76 9.80 17.43 178.90 8.16 75.22 392.02 0.36 19.55 2.28 13,89 
13 5 M HNO3 850.55 2.04 6.83 0.20 6.48 4299.88 86.05 103.58 20.63 4.37 114.74 6.05 4781.88 188.61 0.05 29.04 1.27 9.04 
14 5 M HNO3 710.55 1.11 6.82 0.08 2.22 1482.67 65.04 108.77 8.87 2.85 66.07 5.33 1372.03 109.27 0.02 20.77 0.70 5.05 
1 Dl H2O 1.51 6.84 1582.50 0.08 0.01 0.58 1233.77 2627.22 1.43 9515.80 5.62 0.90 3450.59 18.56 14.75 0.06 0.09 2.75 
2 Dl H2O 2.23 0.97 60.19 0.08 0.23 0.58 142.72 101.37 1.11 1031.83 11.82 1.95 316.44 12.98 0.36 0.06 0.22 0.74 
3 0.01 M HNOa 0.61 2.56 496.54 0.08 0.01 0.58 192.76 449.77 1.32 511.39 4.13 1.14 40.68 45.21 2.74 0.06 0.09 4.26 
4 0.01 M HNOa 0.53 1.71 1074.80 0.08 0.01 0.58 151.96 629.52 1.77 164.23 3.21 1.36 21.50 62.82 5.15 0.06 0.09 4.60 
5 0.05 M HNO3 176.77 3.59 5637.97 0.15 0.50 62.65 408.91 1115.63 11.50 93.94 7.66 0.90 49.05 253.06 27.68 0.06 0.21 33.36 
6 0.05 M HNO3 1085.41 3.83 2982.04 0.21 10.14 270.39 349.77 407.59 7.79 55.10 29.74 3.66 27.87 180.39 14.64 0.06 3.39 31.91 
7 0.1 M HNO3 983.81 3.01 1355.61 0.08 25.25 746.30 172.17 154.86 4.51 25.99 84.80 10.44 23.26 238.89 4.94 3.07 6.47 18.28 
8 0.1 M HNO3 579.30 1.65 697.99 0.08 11.97 822.48 89.63 103.44 3.48 16.50 85.94 10.30 18.51 237.36 1.86 4.32 3.97 10.96 
9 0.5 M HNO3 894.03 2.26 1188.99 0.08 14.01 2174.01 106.26 122.68 4.47 18.64 268.64 16.39 55.28 372.76 2.74 25.68 5.07 11.74 
10 0.5 M HNO3 684.59 1.84 280.28 0.08 6.72 1459.74 71.61 101.07 4.63 10.37 161.57 9.60 37.74 329.00 0.69 16.94 3.23 7.51 
11 1 M HNO3 523.33 1.60 67.87 0.08 4.79 1031.29 62.78 68.64 3.83 6.30 111.38 3.68 42.98 253.42 0,15 18.09 1.43 4.83 
12 1 M HNO3 2078.23 7.25 33.31 0.08 4.94 1726.27 112.18 234.29 9.95 17.79 179.59 10.19 169.36 457.42 0.38 22.69 2.32 14.03 
13 5 M HNO3 1062.71 2.67 11.98 0.20 6.33 4890.12 108.17 139.57 23.73 6.60 123.58 9.05 5360.65 256.90 0.13 33.92 1,62 10.40 
14 5 M HNOs 1581.52 2.72 10.87 0.08 3.12 1705.24 140.66 215.13 11.73 5.81 94.74 5.72 1224.65 163.97 0.12 32.72 1.24 7.67 
•Where the concentration of a particular element was found to be less than the LCD of the method, the obtained value was substituted by a value of half the detection limit to 
allow data processing. These values are marked in bold. 
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Once the physico-chemical components have been obtained for all the samples, the amount 
of solid extracted for the carbonate, pore-water and iron oxides fractions was plotted (Figure 
6 3 2 and 6.3.3). As can be seen in Figure 6 3.2, the iron and manganese oxides fraction is 
more important in the inner part of the estuary whereas the carbonate fraction (Figure 6.3.3) 
becomes the dominant component in the outer part of the estuary The pore-water (loosely 
bound) fraction, which is made up mainly of Na and S, is lower for those sampling locations 
in the outer part of the estuary. This study suggests an enrichment of the iron oxides fraction 
in the inner part of the estuary and therefore this area will be studied in more detail later in 
this chapter. 
F I G U R E 6.3.2. - VARIATION O F THE P O R E - W A T E R AND IRON OXIDES P H A S E S WITHIN T H E E S T U A R Y 
Zone N 
Zone S 
5> 40000 
D. ^ 20000 
;^  10000 
CN -O -O -D 
I 3{ ^ 5! 
N ^ ^ T3 T3 
« I $ 5i 5! 
sediment samote 
• pore w ater Fe amorphous ox Fe oxides' • Fe crystalline ox 
Some samples did not present two different Iron oxides components 
2 0 0 
C H A P T E R 6 S T U D Y OF THE T R A C E METAL DISTRIBUTION IN T H E A R O S A E S T U A R Y (N W SPAIN) 
F I G U R E 6.3.3. - C A R B O N A T E PHYSICO-CHEMICAL P H A S E VARIATION WITHIN T H E ESTUARY 
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6.3 .2 S T U D Y O F T H E H E A V Y M E T A L S E X T R A C T E D WITHIN T H E E S T U A R Y 
In order to characterise the area, a more detailed study using the data for the total metal 
extracted in the sequential leachates and also information obtained from physico-chemical 
phases composition was performed (Figure 6.3.4). In terms of the heavy metals extracted in 
the Arosa estuary, samples from the northern part of the estuary were more polluted than 
those collected from the South. High levels of Zn (>200 mg kg^) and Pb (>100 mg kg^) were 
found in the inner part of the estuary and Cu levels showed a decrease from the inner part of 
the estuary to the outer part. Cadmium levels were less than 1 mg kg^ in all the sampling 
locations. 
The results of previous studies performed in the Galician Estuaries together with the metal 
ranges obtained when using the new method are summahsed in Table 6.3.15. As can be 
seen, the levels of metal extracted by the new method were within the ranges found 
previously by other workers. 
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Once the polluted sites had been identified, study of the heavy metal distribution within the 
physico-chemical phases was perfonned for samples 1-4 and 24. The results are shown in 
Figure 6.3.5. Cadmium was extracted in the exchangeable fraction and was also associated 
with carbonates phase. In addition a small percentage was released as part of the iron 
oxides and organic-residual phases. Copper, Mn and Pb were extracted as part of the iron 
oxides and residual-organic phases indicating less bio-availability than cadmium. Zinc was 
mainly associated with the carbonates but was also a part of the iron oxides fraction and In 
the residual-organic phases. For those metals whose extractable contents are in the less 
reactive phases good recoveries were not expected. For Cd, Pb and Zn, ca. 80-90% of the 
total metal present in the sample was extracted (compared with acid digestion), suggesting 
that the majority of these elements exist in the more reactive physico-chemical phases. For 
Cu and Mn the recovery was much less (ca. 30-45%) indicating that these metals occur in 
the less reactive alumino-silicate soil matrix and are therefore less extractable. 
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F I G U R E 6.3.4.- HEAVY METALS E X T R A C T E D wrrmN T H E A R E A O F STUDY 
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T A B L E 6.3.15.- CONCENTRATION R A N G E S OF HEAVY METALS (mg k g F e in g kg"^) IN SEDIMENTS O F T H E A R O S A ESTUARY 
Estuary 
Area 
No. of 
stations 
Fraction 
<nm 
Method Cd Cu Fe Mn Pb Zn Reference 
Outer-middle 1? f>3 FAAS/HF-^HN03 25-55 32-40 195-250 125-150 208 
Outer-middle 7 63 AAS/HNO3 48-115 27-40 191-289 81-325 148-391 209 
Outer-inner 23 50 AAS/HNO3 + HCI 06-2 5 10-120 20-145 60-215 210 
Outer-inner J4 2000 AAS/HNO3 + HCI 0.7-2.5 1-50 2-188 3-110 210 
Outer- 14 125 HNO3 n.d.-0.8 1-82 3-23 41-120 43-142 100-210 New method 
middle-inner Seq. Ext. method 
ICP-AES* 
Outer- 14 125 HF-HNO3-HCIO4 n.d.-l 56 12-266 9-39 43-275 50-150 102-234 HF Digestion 
middle-inner ICP-AES 
F I G U R E 6.3.5.- DISTRIBUTION O F HEAVY METALS WITHIN T H E PHYSICO-CHEMICAL P H A S E S FOUND IN S A M P L E S #1-4 AND 2 4 
Cu 
G 
pore-water • exchangeable • carbonate 
1%T 3% 
Zn 
4% 
Iron oxides • residual/organic 
Percentages obtained from the averages of the five samples. 
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6.3.3 PHYSICO-CHEMICAL FRACTIONS DESCRIBING THE AROSA ESTUARY 
Data matrices from the 14 samples were treated as a single large data matrix and physico-
chemical phases describing the area of interest were obtained. Six distinct physico-chemical 
components were identified and variations on the extraction profiles represent extractability 
of those components within the estuary (Figure 6.3.6). 
Fraction 1 was identified as being the pore-water soluble fraction made up by Na (56%), Mg 
(18%), S (9%), K (9%) and Ca (7%). This fraction was found to be higher for the first set of 
samples (Inner estuary) and decreased for the rest of the samples collected from the outer 
part of the estuary. 
Fraction 2 was made up mainly of Ca (97%) and was higher for samples collected in the 
outer estuary indicating high levels of Ca in this area. Fraction 3 was a mixed component 
(that could be associated to the carbonate or the exchangeable fraction) and is made up of 
Na (39%), Ca (20%), Al (19%) and small amounts of Cu, Fe, K, Pb, V and Zn. The amount 
of solid extracted decreases from the Inner to the outer part of the estuary and It becomes 
insignificant for the last set of samples (near open sea). 
Fractions 4 and 5 were identified as being the iron and manganese oxides fractions and both 
showed a decrease from the inner to the outer part of the estuary, reaching a maximum of 
solid extracted in samples 2. 3 and 4. These showed high levels of Fe when treated 
separately. Fraction 6 Is a mixed minor fraction made up of K, Mg and Na. This fraction did 
not show any appreciable variation within the estuary. 
The results demonstrated the potential application of the new sequential procedure as a tool 
to characterise a specific area. By treating individual data sets for the different samples as a 
single data matrix the area may be characterised in terms of total components representing 
changes in bio-availability in the estuary. 
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F I G U R E 6.3.6.- PHYSICO-CHEMICAL COMPONENTS DESCRIBING THE A R O S A E S T U A R Y 
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6 . 4 R E S U L T S F R O M H Y D R O F L U O R I C , N ITR IC A N D P E R C H L O R I C A C I D 
D I G E S T I O N F O R A R O S A E S T U A R Y S E D I M E N T S A M P L E S 
The values obtained from atomic spectroscopic analysis are shown in Table 6.4.1. 
Recoveries for the certified material MESS-3 were good for most of the analytes except for 
Si which is not determined using this digestion procedure because of the losses of volatile 
silicon tetrafluoride. 
TABLE 6.4.1.- TOTAL METAL CONCENTRATIONS (mg kg" )^ FOUND IN SEDIMENT SAMPLES AND 
NRCC MESS-3 
Sediment Sample 
Element 1 2 3 4 5 8 11 12 13 14 
Al 120371.0 99934.2 109636.4 64169.9 36253.0 82845.2 76616.7 13807.1 38075.5 75622.3 
Ba 349.8 382.9 390.9 245.4 152.3 351.4 405.8 60.2 176.8 319.6 
C a 20716.7 44024.6 54354.6 160772.2 215380.7 78015.6 49127.9 352509.4 225186.8 107164.6 
Cd 0.95 0.68 0.41 1.15 0.30 0.19 0.17 0.29 0.17 0.56 
Cu 221.4 37.0 22.5 35.8 161.7 142.5 107.8 224.4 124.4 214.6 
Fe 36820.1 39015.0 37958.5 26837.6 19132.9 24365.9 18537.0 9687.3 23941.7 30428.5 
K 30372.7 34320.1 33894.4 20698.6 14577.4 32029.9 49663.6 7086.1 19524.4 30250.7 
Mg 13069.7 14074.8 13544.6 10160.7 7567.1 11758.8 6147.6 7791.3 8281.1 11100.3 
Mn 205.3 223.4 220.1 136.8 81.5 195.5 183.1 73.1 81.2 164.5 
Na 186074.8 39551.5 35868.7 26737.2 15140.8 31228.6 31755.4 10915.7 17621.1 32825.4 
Pb 92.8 152.6 149.3 118.8 87.3 73.2 49.1 73.5 57.2 78.2 
Si 18.8 12.3 13.7 10.3 306.4 9.0 6.6 2125.5 7.6 8.0 
Sr 122.9 253.0 310.2 797.7 1018.9 397.3 217.6 1774.3 1286.3 501.6 
Ti 3644.9 3798.0 3977.7 2350.5 1250.0 3396.8 2615.6 309.7 1147.9 2925.2 
V 84.3 70.9 70.3 34.5 30.4 32.6 25.1 18.5 12.5 25.8 
Zn 220.6 221.6 179.9 234.1 173.3 102.4 158.0 148:2 151.9 186.5 
Sediment Sample M E S S - 3 
Element 15 18 21 24 St. dev 
(n=2) 
Mean 
(n=2) 
% St. dev. 
(n=2) 
Certified % St. dev. Recovery 
Al 68161.4 84882.9 77396.2 86243.2 6.0 86327.2 0.5 85900 3 100.50 
Ba 282.6 328.0 291.3 373.8 5.1 1009.8 1.1 n.c. 
C a 125723.6 42612.2 41635.9 17824.5 5.4 14636.6 0.3 14700 4 99.57 
Cd 0.55 0.67 1.55 1.34 5.19 0.25 11.14 0.24 4 104.17 
Cu 158.4 118.3 54.5 266.7 6.1 33.7 1.0 33.9 5 99.44 
Fe 25990.4 27684.2 29674.7 34596.4 4.4 43829.9 1.2 43400 3 100.99 
K 26474.3 33989.6 28169.9 33603.3 3.6 24160.8 12.0 26000 n.c. 92.93 
Mg 9681.9 10777.2 11787.5 13432.6 4.0 15837.2 2.3 16000 n.c. 98.98 
Mn 139.1 165.5 148.9 275.1 6.0 325.6 2.6 324 4 100.49 
Na 27915.9 34207.1 42518.5 38728.1 4.9 17170.1 0.5 16000 n.c. 107.31 
Pb 80.0 89.7 82.2 77.5 5.2 20.8 0.9 21.1 3 98.37 
Si 15.2 11.5 12.4 11.1 7.1 6.1 18.3 270000 n.c. 0.00 
Sr 577.3 220.5 213.4 175.4 7.9 120.7 1.9 129 9 93.60 
Ti 2566.7 3082.5 2919.2 3582.1 4.9 4235.7 1.2 4400 14 96.27 
V 28.1 36.9 42.5 49.8 8.6 237.0 1.9 243 4 97.52 
Zn 170.6 217.2 177.1 177.5 5.0 155.9 1.8 159 5 98.06 
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6.4.1 ASSESSMENT OF HEAVY METAL CONTAMINATION IN THE ESTUARY 
In order to distinguish between the natural metal concentration and anthropogenic inputs to 
the sediments and to aid diagnosis of the status of pollution, reference background values 
have been defined for Galician marine sediments^". These values are summarised in Table 
6.4.2 together with those obtained for the Arosa estuary sediment samples using the new 
method and acid digestion. 
TABLE 6.4.2.- NATURAL REFERENCE LEVELS IN MARINE SEDIMENTS (mg kg" )^ AND VALUES 
OBTAINED FOR THE AROSA ESTUARY SAMPLES 
Metal C d C u F e Mn P b Z n R e f e r e n c e 
G a t i d a Granite - 20 2900 248 78 136 211 
World Granite 0.09 13 2000 325 32 50 212 
Unpolluted marine sed iments ' 0.01-0.2 5-25 1500 240-600 5-25 20-100 213-215 
A r o s a Hydrofluoric 
Estuary Digestion 0.17-1.55 22-266 9600-39000 73-275 49-153 108-234 
Sequent ia l extraction 
Procedure 0.12-0.76 0.12-81.90 3572-23754 41-119 43-142 106-210 
In this case, differences in metal concentrations can not be attributed to lithology as granite 
predominates in the substrates of the Arosa area^^®. Background levels are therefore the 
same for all the sampling locations. With the exception of Mn which was within the 
background levels, enrichment of Cd, Cu and Fe appeared in all sampling sites whereas 
enrichment of Pb was only detected in the inner part of the estuary. Zinc was found to be at 
background levels in the outer part of the estuary, but higher in the inner part. Localised 
anthropogenically Induced enrichments In the inner part of the Arosa estuary (Cu. Pb. Zn) 
have already been reported in the literature^^^ 
A review of the results from the extraction studies using the sequential extraction procedure 
indicated that the results were similar to those obtained from the acid digested samples. 
Enrichment of Cu, Pb and Zn was detected In the inner part of the estuary and Cd and Fe 
appeared over the minimum background level in all the sampling locations. 
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Another way to define heavy metal contamination in estuaries is based on the establishment 
of normalisation factors with respect to conservative elements of natural origin that are 
independent from anthropogenic contributions. This normalisation normally uses 
Aluminium^^® and its application for estuarine and coastal environments has been reported 
by several workers^^^^V Aluminium is a major constituent In sediments and its concentration 
is usually unaltered by contaminant inputs. This element has a strong positive correlation 
with many major and minor elements in natural sediments and has been used to reduce data 
variability significantly for purposes of sample comparison over small and large regional 
a r e a s ^ . 
Therefore, to confirm the enrichment of Cd, Cu, Fe, Pb and Zn in some parts of the estuary, 
the amount of each element was plotted against the amount of Al in each sample (14 
samples in duplicate; Figure 6.4.1). Under natural circumstances all of these metals have 
been shown to correlate with the Al present in the samples and therefore a poor correlation 
coefficient indicates metal enrichment in the area. Manganese showed no widespread 
enrichment (R^= 0.7751) and when the data from sample 24 was ignored, a correlation 
coefficient of R^=0.9297 was obtained. Iron showed a correlation coefficient of R^=0.6851, 
but since values were found to be over the background values in all locations, enrichment of 
Fe was thought to exist. Cadmium, Cu, Pb and Zn showed clear evidence of contamination 
wit values of between 0.0588 and 0.3331. 
Thus, by both comparing the experimental values with background levels and by using Al to 
normalise values, the results showed an enrichment of Cd, Cu. Fe, Zn and Pb in some parts 
of the estuary. 
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F I G U R E 6.4.1.- L INEAR R E G R E S S I O N O F METALS ON ALUMINIUM F O R S A M P L E S FROM T H E A R O S A 
ESTUARY 
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However, the knowledge of the total amount of metal in sediments is not sufficient to provide 
a complete understanding of the potential impact of any particular element on the 
environment. Only a fraction of the total amount of metal present in the samples will have a 
harmful effect. One way to estimate the bioavailable fraction is to use sequential extraction 
procedures. Therefore the results from the sediment samples subjected to the new 
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sequential extraction procedure were compared with those obtained from total acid 
digestion. Spatial plots of the amount of Cd, Cu. Mn, Fe, Pb, Zn, Al and Ca extracted with 
the new sequential extraction procedure and those obtained after acid digestion are shown 
In Figure 6.4.2. For Cd, Fe, Pb, Zn, Al and Ca the results of spatial plots from the sequential 
extraction procedure and those results obtained from acid digested samples indicated the 
same polluted areas. Copper appeared in high levels in the inner part of the estuary but also 
in the outer part. This was not detected by the sequential extraction procedure, suggesting 
that even if high levels of Cu are present in the area the bioavailable fraction is much 
smaller. A similar observation was found for Mn. 
In summary, even though the total metallic loadings were not extracted, the new method 
gave a good prediction of polluted areas and a comparison with acid digested samples 
helped estimate the bioavailable fraction. 
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F I G U R E 6.4.2.- SPATIAL P L O T S F O R HEAVY METAL DISTRIBUTION PREDICTED B Y T H E NEW 
METHOD COMPARED WITH T H E R E S U L T S FROM ACID DIGESTION 
R E S U L T S OBTAINED WITH NEW E X T R A C T I O N P R O C E D U R E R E S U L T S OBTAINED F R O M ACID D IGEST ION 
Cd extracted mg kg T O T A L C d mg kg 
Cu extracted mg kg^ T O T A L C u mg kg 
Fe extracted g kg^ T O T A L F e g k g ^ 
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F I G U R E 6 .4 .2 . - (CONT. ) 
R E S U L T S OBTAINED WITH NEW E X T R A C T I O N P R O C E D U R E R E S U L T S O B T A I N E D F R O M ACID DIGESTION 
Mn extracted mg kg 
extracted 
115 
105 
95 
85 
75 
65 
55 
45 
35 
extracted 
200 
180 
160 
140 
120 
100 
80 
60 
40 
20 
0 
T O T A L Mn mg kg^ 
T O T A L Pb mg kg^ 
T O T A L Zn mg kg^ 
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F I G U R E 6.4.2.-(CoNT.) 
R E S U L T S O B T A I N E D WITH NEW EXTF^ACTION P R O C E D U R E R E S U L T S O B T A I N E D F R O M ACID DIGESTION 
C a extracted g kg T O T A L C a g kg"^ 
Al extracted g kg^ T O T A L Al g kg^ 
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6 . 5 C O N C L U S I O N S 
In this chapter, the multi-element extraction method was used to study the trace metal 
distribution within the Arosa estuary (N.W. Spain). Physico-chemical phases were obtained 
for sediment samples from 14 different locations. 
The data matrices from the 14 samples were treated as a single data matrix and variations in 
the total physico-chemical fractions describing the estuary were obsen/ed. Once the 
polluted area of the estuary was detected, a study of the extractability of heavy metals and 
distribution within the physico-chemical phases was performed for the inner part of the 
estuary. 
The values obtained for extractable levels were compared with those obtained for total acid 
digested samples and enrichment of Cd, Cu, Fe, Pb and Zn was detected by both methods. 
A comparison with the background levels found in the area and "normalising" the results 
using aluminium facilitated a distinction between natural sources and anthropogenic inputs. 
Anthropogenic contamination In the estuary was confirmed for some analytes. 
In summary, the sequential extraction method has proved to be a useful tool to evaluate 
different sediment samples quickly and to characterise an area of interest regarding trace 
metal contamination. 
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CHAPTER 7 
DEVELOPMENT OF AN ON-LINE SYSTEM 
FOR SEQUENTIAL EXTRACTION 
AND ANALYSIS 
• 
C H A P T E R 7: DEVELOPMETiT O F AN O N - L I N E S Y S T E M F O R S E Q U E N T I A L EXTTIACTION AND A N A L Y S I S 
7.1 I N T R O D U C T I O N 
Although batch approaches have been commonly used for sequential extraction for metal 
partitioning in soils, flow-through designs are also possible. Recently Shiowatana et al}^ 
and Kurosaki et a/.^^" reported continous-flow sequential extraction procedures. These 
showed a reduction of metal adsorption compared to conventional methods during the 
extraction procedure^^ but both involved the use of many different extractants and were 
therefore incompatible with the on-line detection system. 
In this Chapter, the development and evaluation of a new on-line sequential extraction 
system is reported. The objectives of this study were to speed up the analysis and facilitate 
the physico-chemical partitioning of metals in soils and sediments. The on-line system was 
built "in-house" and was based on a similar approach to the batch sequential extraction 
procedure developed previously (Chapter 2). Nitric acid at increasing concentration was 
used as the sole extractant and direct coupling with the detection system (ICP-AES) was 
feasible because no matrix matching of standards was required. Contamination was 
minimised with this approach since the system is fully enclosed; and there is a reduced risk 
of confusing samples. 
Preliminary studies and further evaluation using a certified reference material, NIST-2710, 
and a sediment sample from the River Camon are also reported in this Chapter. 
Comparisons between the results obtained with the on-line system and the results from the 
batch method and Tessier scheme positively demostrated the potential of the novel system. 
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7 . 2 E X P E R I M E N T A L 
7.2.1 INSTRUMENTATION 
The on-line system was built "in-house" by Dr. Les Pitts and cxjmprised of a multi-way 
extractant and wash dosing system (Figure 7.2.1). Precision-geared motors were used to 
drive hypodermic syringes to accurately deliver repeatable and variable volumes of the 
extractant and wash solutions. Figure 7.2.2 shows a schematic diagram of the system and 
Figure 7.2.3 shows the extractant dosing device in detail. 
The extractant solutions were delivered via a 12-way port into a purpose built extraction 
vessel (Figure 7.2.4). Reduced pressure conditions were used during the extraction process 
to speed the throughput. The vessel, made of high density polyethylene, was designed to 
minimise losses of analyte to the vacuum system and to minimise metallic contamination. 
Control valves on the twin extraction vessel exits were used to allow the solutions to be 
directed to the ICP-AES instrument. 
After extraction with the first extractant, the system allowed the leachates produced for 
sample 1 and sample 2 (duplicate analyses) to flow from the vessel to the ICP-AES 
instrument. In order to detennine the required timings of the various process steps, control of 
the system was initially achieved using a remote switch pad that addressed 12 sets of 
syringes (wa a Binary Coded Decimal (BCD) command, i.e. from 0001 to 1100) and also the 
pump and valves via digital code. The design of the interface was such that these manual 
timings could be transferred to either a computer operating a software control system such 
as LabView®, or to a dedicated microprocessor, programmed to provide the necessary 
control functions. 
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F I G U R E 7.2.1. - ON-L INE SEQUENTIAL EXTRACTION S Y S T E M (ABOVE) AND ON-LINE S Y S T E M IN 
DETAIL (BELOW) . 
PL -
. 1 J . M ^ M I II 
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F I G U R E 7.2.2. - SCHEMATIC DIAGRAM F O R T H E ON-LINE SEQUENTIAL EXTRACTION S Y S T E M 
MULTIWAY 
EXTRACTANT 
AND WASH DOSING 
MODULE 
1 2 W A Y 
E X T R A C T A N T 
D E L I V E R Y 
T U B E S 
TWIN EXTRACTION 
VESSEL 
SAMPLE 1 
SAMPLE 2 
Vacuum 
system 
CONTROL 
SYSTEM 
ICP-AES 
(or other spectrometric 
detector) 
SWITCHING 
> VALVE 
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F I G U R E 7.2.3. - O N E OF 1 2 EXTRACTANT AND WASH DOSING CHANNELS 
E X T R A C T A N T E X T R A C T A N T 
E X T R A C T A N T 
T O S A M P L E 1 
50 ml S Y R I N G E 
E X T R A C T A N T 
T O S A M P L E 2 
PRECISION G E A R E D 
MOTOR* DRIVING 
PLUNGER 
*The precision geared motor is under system control to provide variable 
and accurate dosing of extractant and wash solutions. 
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F I G U R E 7.2 .4.-TWIN EXTRACTION V E S S E L U S E D IN T H E NEW ON-LINE SEQUENTIAL EXTRACTION S Y S T E M 
A. T w i n e x t r a c t i o n v e s s e l B. S i d e v iew 
Bxtractant 
entry tubing 
T i 
va lves 
twin extraction 
v e s s e l lid (top 
drillings for 
extractant 
entry tubing) 
extra c h a n n e l 
for internal 
s tandard , 
spike 
A n o p o r e ® 
filter tube insert 
to I C P - A E S 
instrument 
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7 .2 .2 T E S T M A T E R I A L A N D S E Q U E N T I A L E X T R A C T I O N P R O C E D U R E 
A NIST (National Institute of Science and Technology, Gaithersburg, Maryland. USA) 
certified reference material, CRM-2710, and the sediment sample from the River Carnon 
were used to evaluate the system. 
Syringes were loaded in duplicate with Milli-Q water and nitric acid solutions from 0.01 to 
5M, as perfonned previously with the batch procedure (Chapter 2). Test samples were 
weighed ( - I g ± 0.001) into the Anopore™ plus filter tubes of 0.2 |im pore size (Fisher 
Scientific, Leicestershire, UK) and these were then placed in the twin extraction vessel. 
The extractant solutions were then delivered into the twin vessel. The mechanics of the 
system relied on electric motors attached to threaded rods. On each rod there is a ram which 
is forced up or down, depending upon the direction of the motor's rotation. The rams act 
upon syringe plungers. Thus by knowing the number of rotations required to move the 
syringe plungers by a given amount, precise volumes of extractant may be delivered. 
Rotations are detected by an opto-sensor on each rod. Once the delivery of extractant has 
taken place, a vacuum pump is started to assist filtration. Once this step is complete, the 
solutions are passed into storage coils. Sample 1 may be analysed immediately, whilst 
sample 2 waits for the ICP-AES instrument to complete measurements on the first sample. 
Whilst this analysis is taking place, the extracting system is operating on the next solution. 
Operating conditions for the ICP-AES instrument in this study were as summarised in Table 
2.2.1 in Chapter 2. Calibration was achieved with standards introduced directly into the ICP-
AES instrument. 
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7 . 3 R E S U L T S A N D D I S C U S S I O N 
7.3.1 S E T U P T H E S Y S T E M 
Once the system was built, hypodermic syringes were connected to PTFE 
(polytetrafluoroethylene) tubing to deliver extractant solutions into the extraction vessel. 
Manual measurement of the number of rotations of the rods to move the rams from the 
parked position to the initial contact position was determined, as was the number of rotations 
required to move the ram so as to deliver 10 ml of extractant. The results are shown in Table 
7.3.1. Reproducibility of the extractant dosing system was tested for different volumes and 
the variation was found to be less than 1.8%. 
T A B L E 7 .3 .1 . - NUMBER O F ROTATIONS F O R T H E SEQUENTIAL EXTRACTION ON-LINE 
Action From To Number of pulses Time 
(18 r.p.m.) 
Loading Initial position Contact position 84 4 min 40 s 
First dosing Contact position (50ml) Minus 10 ml (40 ml) 12 40 s 
Second dosing 40 ml in syringes Minus 10 ml (30 ml) 12 40 s 
7.3 .2 E V A L U A T I O N O F T H E O N - L I N E S Y S T E M WITH T H E R I V E R C A R N O N S E D I M E N T S A M P L E 
7.3.2.1 Preliminary studies 
In a preliminary study, five test elements were measured in the sequential leachates from 
the duplicate analysis of 1 g of River Carnon sediment sample. The amount of Al, Ca, Fe, 
Mg and V extracted in the 14 leachates was compared with the results obtained when using 
the centrifuge sequential extraction procedure (Figure 7.3.1). 
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F I G U R E 7.3.1.- CARNON SAMPLE: COMPARISON B E T W E E N METAL E X T R A C T E D WITH T H E 
C E N T R I F U G E P R O C E D U R E AND T H E NEW ON-LINE S Y S T E M FOR A I , Ca, Fe, Mg AND V (mg kg"^). 
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As can be seen in Figure 7.3.1, the amounts of each metal extracted with the new on-line 
system were within the same ranges as that in the batch method. However the recovery was 
found to be poor in the last two leachates especially for Fe and V. An increase in the contact 
times between the extractant solution and the sample before switching on the vacuum pump 
was used. Leachates 13 and 14 were left in contact with the sample for a period of 15 
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minutes and 1 hour respectively. This was found to improve the extraction efficiency and the 
results were then in closer agreement with those obtained from the batch technique (Figure 
7.3.2). Although this also increased the time required for analysis (^1h. 45 min.), it was still 
significantly shorter than for the batch method (--4 h.) 
F I G U R E 7.3.2.- R E S U L T S OBTAINED WITH T H E NEW ON-LINE S Y S T E M AND L O N G E R CONTACT 
TIMES FOR THE L A S T TWO L E A C H A T E S F O R Al, Ca, Fe, Mg AND V (mg kg"^). 
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7.3.2.2 Results from the analvsis of the River Carnon sample 
Once the system had been demonstrated to work satisfactorily with the five test elements, 
the sequential extraction procedure was evaluated on-line using 1 g of River Camon sample 
(in duplicate) and the full suite of 18 elements were measured. Results for the sequential 
leachates are shown in Table 7.3.2. Chemometric processing of the data was performed 
using MATLAB 6.0 as described in Chapter 5. Six physico-chemical components were 
obtained and the amount of solid extracted and elemental composition of each fraction Is 
shown in Figure 7.3.3. 
The first and most easily extracted fraction (fraction 1) was totally removed by the initial Milli-
Q water extraction. This fraction was principally made up from Na (66%) and S (13 %) and 
small amounts of Ca, Mg and K. As reported previously in Chapter 3, this fraction was 
identified as being the pore-water fraction. 
The second fraction presented a diffuse extraction window, extracted mainly with the second 
Milli-Q water extraction and was dominated by Na (80%) and Ca (8%). This fraction was 
found to be a minor component and could possibly be an easily soluble fraction. This and 
fraction 1 would therefore form the water soluble fractions. 
The third fraction (fraction 3) was removed using 0.01-1 M HNO3 and consisted mainly of Ca 
(50%), Zn (19%), Cu (9%) Mg (13%) and Al (5%). This fraction was identified in Chapter 3 
as being the carbonate phase. 
Fractions 4 and 5 were identified as being the Fe-Mn oxides fractions. Fraction 4 was 
removed by 0.5-5 M HNO3 and was made up of Fe (77%) and smaller amounts of Al and Si. 
The last fraction obtained (Fraction 5) was removed mainly with 5M HNO3 and was also 
made up of Fe (51%), Al (22%) and small amounts of Ca. K. Mg, P. S and Si. In common 
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with the fractions obtained with the centrifuge procedure in Chapter 3, fraction 4 which was 
the more easily dissolved, was identified as being the amorphous iron oxide fraction whilst 
fraction 5 which was extracted with the higher acid concentration, was identified as being the 
crystalline iron oxide fraction. 
Fraction 6 was a minor fraction extracted with 0.1-0.5 M H N O 3 and was made up of Fe 
(36%), Al (25%) and smaller amounts of Cu. Mg and Zn. This was identified as being the 
organic/sulfides fraction. 
The correlation between the fractions obtained when using the centrifuge procedure and the 
new on-line system was also evaluated and results are shown in Table 7.3.3. 
Significant correlation was obtained between pore-water fractions, carbonate fractions, Fe-
Mn oxides fractions and organic fractions obtained with both procedures. The minor 
exchangeable fraction found with the centrifuge procedure was not identified with the on-line 
procedure. However a minor soluble fraction was obtained instead that correlated with the 
pore-water fraction obtained in Chapter 3 for the Carnon sample. 
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T A B L E 7 . 3 . 2 . - D A T A O B T A I N E D F O R T H E S E Q U E N T I A L E X T R A C T I O N L E A C H A T E S F R O M T H E RiVER C A R N O N S E D I M E N T S A M P L E (mg kg"^ ) 
Extractant Al Ba C a Cd Cu Fe K Mg Mn Na P Pb S sl Sr Ti V Zn 
1 Dl H2O 0.78 7.25 1243.40 0.08 2.92 0.74 215.04 467.22 2.26 22465.50 1.02 0.90 755.22 1.98 6.12 0.06 0.09 12.95 
2 Dl H2O 0.27 1.15 3487.20 0.20 13.25 0.58 762.90 1995.00 7.31 2568.52 3.77 0.90 4167.65 5.95 26.78 0.06 0.09 44.87 
3 0.01 M HNO3 75.49 2.32 943.55 0.28 121.57 15.84 118.72 325.00 5.91 1729.70 5.92 0.90 280.36 20.35 7.26 0.06 0.09 320.65 
4 0.01 M HNO3 69.76 2.67 1137.20 0.17 105.69 20.28 109.46 415.13 6.41 1029.10 3.23 0.90 370.41 26.04 7.44 0.06 0.09 269.94 
5 0.05 M HNO3 300.41 4.94 2036.40 0.33 592.10 228.33 107.73 579.62 14.26 108.11 17.20 11.88 108.13 64.86 13.73 0.06 0.74 645.05 
6 0.05 M HNO3 625.27 4.44 1624.80 0.68 320.76 392.59 99.33 573.26 15.04 66.68 26.16 17.93 56.75 110.86 10.94 0.08 1.53 899.25 
7 0.1 M HNO3 510.94 3.41 572.09 0.13 270.49 676.80 45.90 402.87 6.86 32.25 30.87 25.22 56.90 103.96 3.44 0.22 1.83 417.36 
8 0.1 M HNO3 452.58 3.00 383.40 0.08 145.47 904.79 30.12 232.48 4.64 7.21 32.99 23.69 42.94 138.00 1.85 0.32 2.12 256.88 
9 0.5 M HNO3 594.13 2.82 350.95 0.08 129.01 2229.45 38.53 179.84 5.29 1.83 121.72 35.84 96.88 261.99 1.39 1.30 3.67 229.13 
10 0.5 M HNO3 533.95 2.52 262.17 0.08 67.96 2470.05 31.18 114.75 5.32 0.18 102.55 18.13 61.91 312.87 0.75 1.43 4.39 164.76 
11 1 M HNOj 500.51 3.17 286.87 0.08 58.49 3238.40 41.55 98.02 5.15 0.18 154.70 17.22 98.95 316.19 0.82 2.54 4.71 141.06 
12 1 M HNO3 373.01 3.04 253.47 0.08 29.71 2424.00 33.20 62.35 4.09 0.18 116.15 10.79 65.42 232.84 0.54 2.34 3.73 89.11 
13 5 M HNOa 969.72 11.08 701.93 0.08 67.22 6414.40 89.63 140.91 11.20 3.85 258.97 18.63 708.45 261.77 1.29 6.32 7.38 151.80 
14 5 M HNO3 2485.65 28.01 1215.19 0.10 43.67 4855.55 181.31 316.47 29.83 16.44 166.80 8.38 668.82 401.21 1.68 20.41 3.59 133.25 
1 Dl HjO 0.27 8.53 402.25 0.08 1.77 0.58 150.14 300.49 1.01 19611.00 0.61 0.90 454.37 0.36 3.46 0.06 0.09 8.97 
2 Dl H2O 0.27 1.45 3074.70 0.17 12.10 0.58 682.80 1858.90 6.50 2937.31 3.58 0.90 3726.00 4.87 24.23 0.06 0.09 41.33 
3 0.01 M HNO3 16.12 1.88 1463.60 0.16 39.23 2.32 160.29 606.80 7.82 2218.40 1.44 0.90 571.73 29.58 9.87 0.06 0.09 273.24 
4 0.01 M HNO3 107.20 2.58 1161.90 0.22 149.88 28.17 77.32 346.09 6.24 276.90 2.83 0.90 117.60 30.09 7.43 0.06 0.09 318.35 
5 0.05 M HNOa 590.41 5.37 2304.80 0.63 597.05 321.43 123.47 644.25 20.06 124.80 17.83 14.72 66.97 106.53 15.95 0.06 1.39 1081.55 
6 0.05 M HNO3 389.33 3.84 661.48 0.27 309.99 313.86 48.51 313.27 6.71 31.96 15.50 15.04 24.74 74.33 4.40 0.08 1.06 483.44 
7 0.1 M HNO3 577.96 4.89 458.87 0.14 286.68 1091.90 46.38 329.44 5.88 14.63 39.92 35.20 35.76 145.58 3.04 0.33 2.46 398.80 
8 0.1 M HNO3 412.29 4.73 231.29 0.08 121.95 1087.15 28.71 171.70 3.87 4.97 43.47 23.66 30.37 158.35 1.70 0.45 2.26 235.12 
9 0.5 M HNO3 762.07 4.31 262.04 0.08 125.15 3654.55 47.22 176.28 6.29 0.18 192.48 39.18 112.16 397.42 1.26 2.40 5.79 253.52 
10 0.5 M HNO3 415.06 2.94 156.35 0.08 44.51 2334.55 35.91 80.68 4.12 0.18 124.24 13.56 61.08 266.47 0.51 2.19 3.75 120.48 
11 1 M HNO3 370.68 2.80 152.96 0.08 32.03 2561.20 38.39 64.66 3.96 0.18 135.65 11.05 78.94 249.56 0.53 2.92 3.75 94.80 
12 1 M HNOj 354.54 3.13 146.67 0.08 21.45 2031.35 32.73 53.04 3.65 0.18 101.59 7.92 50.09 208.17 0.51 2.60 3.04 77.59 
13 5 M HNO3 1179.50 13.27 734.89 0.09 78.02 7703.40 94.68 159.48 12.78 0.18 288.20 20.98 812.31 335.61 1.40 6.89 8.48 171.60 
14 5 M HNO3 3313.65 31.29 1261.89 0.14 68.70 7176.40 241.52 430.64 40.63 15.06 251.47 12.16 1072.31 408.32 1.84 23.29 5.21 170.76 
*Where the concentration of a particular element was found to be less than the LOO of the method, the obtained value was substituted by a value of half the detection limit to 
allow data processing. These values are marked in bold. 
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F I G U R E 7.3.3.- PHYSICO-CHEMICAL FRACTIONS FOUND FOR T H E R I V E R CARNON SEDIMENT SAMPLE WITH T H E ON-LINE SEQUENTIAL EXTRACTION 
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Fraction 2 
exchangeable-soluble 
- 10000 
7 u 4000 
u 1000 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Fraction 3 
. .Jn;i:) 
- 3C 
3 2( 
3000 
5 2000 
li • :M) I ) 
1 5 6 7 8 
sequential leaches 
1 2 3 4 5 6 7 8 9 10 11 12 13 1-
sequential leaches 
Fraction 4: 
Fe-Mn amorp ox 
Fe 7 7 % 
Fraction 5 
Fe-Mn cryst ox 
2 2 % 
Fraction 6 
organic/sulfides 
Fe 36' 
Legend: Al • BaD Ca • CdH Cu D Fe • K D M g l Mn • Na • P I P b l S I S i l S r i Ti • V DZn 
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T A B L E 7.3.3.- C O R R E L A T I O N C O E F F I C I E N T S * B E T W E E N T H E PREVIOUSLY R E P O R T E D FRACTION COMPOSITIONS FOUND IN T H E R I V E R C A R N O N 
SEDIMENT SAMPLE WHEN USING T H E C E N T R I F U G E P R O C E D U R E AND T H E FRACTION COMPOSITIONS OBTAINED WITH T H E NEW ON-LINE SEQUENTIAL 
EXTRACTION S Y S T E M . 
F r a c t i o n 1 F r a c t i o n 2 F r a c t i o n 3 
pore -wate r E x c h a n g e a b i e - s o l u b i e C a r b o n a t e 
F r a c t i o n 4 
F e - M n a m o r p . ox. 
F r a c t i o n 5 
F e - M n c r y s t a l , ox . 
F r a c t i o n 6 
O r g a n i c / s u i f i d G S 
Fraction identified 
with the centrifuge 
procedure 
1. Pore-water 
Correlation 
0 . 9 8 6 
p-value 
p<0.0001 
Correlation 
0.954 
p-value 
p<0.0001 
Con'elation 
0 . 0 1 9 
p-value 
0 . 9 3 9 
Correlation 
- 0 . 1 1 7 
p-value 
0 . 6 4 3 
Correlation 
- 0 . 0 6 3 
p-value 
0 . 8 0 5 
Correlation 
- 0 . 1 9 5 
p-value 
0 . 4 3 8 
2 . Exch.-solubte 0.489 0.040 0 . 4 6 5 0 . 1 3 7 0 . 6 1 7 0.010 - 0 . 1 5 1 0 . 5 4 9 0 . 0 6 0 0 . 8 1 4 - 0 . 2 3 2 0 . 3 5 5 
3 . Carbonate - 0 . 0 7 4 0 . 7 7 0 - 0 . 1 0 8 0 . 6 6 9 0 . 8 5 9 p<0.0001 - 0 . 1 3 7 0 . 5 8 8 0 . 0 6 4 0 . 8 0 2 0 . 3 2 0 0 . 1 9 6 
4 . Fe-Mn amorphous 
oxides - 0 . 1 3 1 0 . 6 0 5 - 0 . 1 1 1 0 .661 - 0 . 0 3 5 0 . 8 9 0 
0 .988 p<0.0001 0.913 p<0.0001 0 . 8 7 6 p<0.0001 
5. Fe-Mn crystalline 
oxides - 0 . 1 0 7 0 .671 - 0 . 0 9 6 
0 . 7 0 4 - 0 . 1 3 5 0 . 5 9 4 0.916 p<0.0001 0 .997 p<0.0001 0 . 8 5 5 p<0.0001 
6. Organic/sulfides 0 . 3 7 1 0 . 1 3 0 0 . 3 2 6 0 . 1 8 6 - 0 . 2 1 5 0 . 3 9 2 0 .704 0.001 0 .804 p<0.0001 0.688 0.010 
'In this case, the values for the 1 8 elements were used for the correlation since data for all of them was obtained 
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7.3.3 E V A L U A T I O N O F T H E O N - L I N E S Y S T E M WITH T H E N I S T - 2 7 1 0 C E R T I F I E D R E F E R E N C E 
M A T E R I A L 
7.3.3.1 Prel iminary studies 
Preliminary studies with NIST-2710 failed because of blocking of the Anopore'*^ filters. The 
amount of sample placed in the twin extraction vessels was therefore reduced to first 0.5 g 
and then 0.3 g (this latter one being successful). A particle size analysis was performed 
using a laser particle size analyser, Mastersizer X (Malvern instruments, Malvern, 
Worcestershire, UK). The results obtained for the Carnon sediment and NIST-2710 are 
shown in Figure 7.3.4. The average particle size in the Carnon sediment was found to be 
around 20 |.im whereas the average particle size in NIST-2710 was found to be smaller 
(-•lO^m) and therefore was more likely to block the filters. 
F I G U R E 7 .3 .4.- P A R T I C L E SIZE ANALYSIS F O R CARNON R I V E R SEDIMENT SAMPLE AND N I S T - 2 7 1 0 
CARNON SAMPl I 
'0 ^ 
~20um - 1 0 n m 
1 10 100 
ParKcl* diamelar (»m) 
10 100 
P a m c i * d i«m«l«f (nm) 
Once the sequential leachates were obtained, again using the increased contact times as in 
section 7.3.2, the data was plotted against the values obtained when using the centhfuge 
procedure for AI, Ca, Fe, Mg and V (Figure 7.3.5). Since the results from this evaluation 
were satisfactory, the next step was to evaluate the system with NIST-2710 measuhng all of 
the 18 elements. 
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F I G U R E 7.3.5. - PRELIMINARY STUDIES WITH N I S T - 2 7 1 0 : COMPARISON B E T W E E N METAL 
CONCENTRATIONS E X T R A C T E D WITH T H E C E N T R I F U G E (OFF-L INE P R O C E D U R E ) AND T H E NEW ON-
LINE S Y S T E M FOR Al, Ca, Fe, Mg AND V (mg kg'^). 
A — Al on-ine method 
Al off-bne method 
1 2 3 4 5 6 7 8 9 10 11 12 1314 
sequential teaches 
4000 
cr. 3000 
9 
E "P 
9 
2000 
O 
6 
>< 
1000 -
Ca orvfcne method 
Ca off-Ire method 
1 2 3 4 5 6 7 8 9 10 11 12 13 
sequential teaches 
Fe orvlne method 
Fe off-ine method C7) 3000 
^ 2000 • 
1000 
4 5 6 7 8 9 1011 
sequential teaches 
V orvlne method 
V off-line method 
J 5 6 7 8 9 l O r : 
sequential teaches 
20C0 
1500 -
I 
"S 1000 
1 
Mg on-line method 
off-line method 
500 
1 2 3 4 5 6 7 8 9 1011 1213 14 
sequential teaches 
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7.3 .3 .2 Results f rom the analysis of N I S T - 2 7 1 0 
A sample (0.3g) of NIST-2710 was subjected (in duplicate) to the on-line sequential 
extraction procedure. The values obtained for each element are shown in Table 7.3.4. 
Chemometric processing of the data led to seven distinct physico-chemical components that 
correlated with those obtained when using the centrifuge procedure (Chapter 3). 
Fraction 1 was removed completely by Milli-Q water, i.e. the most easily extracted. It was 
made up mainly from S (27 % ) . Ca (27%). Na (17%), K (15%) and small amounts of Mg, Mn 
and Zn. This fraction could be identified as being the water-soluble fraction, derived from 
residual salts from the original pore-water in the soil. 
The second fraction was extracted with 0.01 M HNO3 and comprised mainly of Ca (28%), Zn 
(23%). Cu (14%), Mn (14%) and Mg and K (both < 15%). The significant correlation with the 
fraction extracted using MgCb under the Tessier scheme^'° suggested that this was the 
exchangeable fraction (Table 7.3.5). Significant con-elation with the exchangeable fraction 
obtained when using the centrifuge procedure was also found (Table 7.3.6), 
The third fraction extracted was removed within the range 0.01-0.05 M HNO3 and was made 
up of Pb (51%), Cu (23%) and smaller amounts of Al, Ca. Mn and Zn. Significant correlation 
was found with the carbonate phase extracted under the Tessier scheme confirming that this 
fraction was probably the cari^onate phase. 
Fractions 4 and 5 were identified as being the Fe-Mn oxides phases, since both presented a 
significant con-elation with the Fe-Mn oxides fraction obtained when using Tessier scheme 
and also with the Fe-Mn oxides fractions obtained when using the centrifuge procedure. 
Fraction 4 was extracted with 0.5-1 M H N O 3 and was made up of Fe (58%), Al (30%) and 
small amounts of Si and Zn. Fraction 5 was removed by more concentrated acid and was 
made up of Al (31%). Fe (25%), Mn (14%). Zn (9%) and smaller amounts of P. Pb and Si. 
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Thus fraction 4 was identified as being the iron and manganese amorphous oxide phase 
whereas fraction 5, extracted with more concentrated acid, was identified as being the iron 
and manganese crystalline phase. 
Fraction 6 presented a diffuse extraction window and was made up of Pb (27%), Ca (20%) 
and a mixture of many other metals such as Al. Fe, Mn, P. SI and Zn. This minor fraction 
could possibly be a mixture of metal sulfides and carbonate/hydroxides. 
Fraction 7 was extracted over a broad range from 0.01 to 5M H N O 3 . It consisted mainly of K 
and Ca with smaller amounts of Cu, Fe, Mn, Na, S, Si and Zn. This fraction was thought to 
be a mixed fraction not identified in previous work. The amount of solid extracted and the 
elemental composition of each fraction found In NIST-2710 are shown in Figure 7.3.6. 
7 .3 .3 .3 Comparison of results for N I S T - 2 7 1 0 with traditional extraction schemes 
Totals extracted in each physico-chemical phase with the new method and data obtained 
following Tessier^^° scheme for NIST-2710 can be seen In Table 7.3.7. Differences ('bias') 
have been calculated for the exchangeable, carbonate and iron oxides phases obtained by 
the two methods. In this case, differences with Tessier data have been found to be smaller 
than those obtained with the off-line method (Table 2.3.23). 
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T A B L E 7 . 3 . 4 . - D A T A O B T A I N E D F O R T H E S E Q U E N T I A L E X T R A C T I O N L E A C H A T E S F R O M N I S T - 2 7 1 0 (mg kg'^) 
Extractant Al Ba C a Cd Cu FG K Mg Mn Na P Pb S Si Sr TI V Zn 
1 Dl H2O 11.19 21.09 601.13 0.66 25.80 30.99 338.63 64.08 158.83 270.62 6.68 0.90 497.42 38.21 4.03 0.18 0.09 107.63 
2 01 H2O 4.68 3.02 166.46 0.18 19.04 74.02 127.07 12.02 35.49 46.08 4.52 4.50 105.83 20.54 1.05 0.08 0.09 30.82 
3 0.01 M H N O 3 47.53 52.34 1092.09 6.69 598.35 21.48 321.28 137.28 534.11 43.05 32.70 430.39 52.56 75.70 20.08 0.14 0.50 744.69 
4 0.01 M HNO3 53.23 32.35 478.45 3.98 483.19 27.85 164.76 45.85 264.18 26.27 36.96 506.68 37.26 64.24 9.51 0.18 0.74 475.05 
5 0.05 M H N O 3 256.66 49.11 517.11 3.13 777.99 212.83 183.20 36.07 336.13 25.19 104.89 1846.28 43.11 94.06 10.69 1.58 2.38 495.42 
6 0.05 M HNOa 208.04 23.88 217.01 0.38 159.72 192.58 84.17 12.59 157.64 2.45 97.06 666.80 33.78 62.04 4.32 1.81 1.08 180.92 
7 0.1 M H N O 3 375.73 36.45 290.34 0.34 131.71 299.48 83.87 18.86 224.38 6.60 157.62 533.25 36.22 100.96 4.32 3.98 1.46 191.43 
8 0.1 M HNOa 172.49 26.52 103.17 0.15 56.23 291.82 47.80 12.88 106.31 7.32 85.44 165.79 24.10 69.14 2.62 2.87 0.76 142.45 
9 0.5 M H N O 3 528.11 36.97 80.74 0.36 112.40 1217.91 97.56 30.38 240.19 1.56 135.46 298.72 37.35 172.77 2.80 9.98 1.64 185.20 
10 0.5 M HNO3 625.89 20.80 49.56 0.15 42.40 862.56 62.39 20.15 113.78 2.14 64.26 82.24 25.21 111.15 0.94 5.66 0.76 121.78 
11 1 M H N O 3 504.46 30.97 61.19 0.24 76.89 724.16 92.76 62.48 307.22 13.29 115.40 134.06 41.31 290.62 2.03 8.59 1.53 259.68 
12 1 M HNO3 557.98 16.03 16.95 0.08 25.46 649.46 60.65 24.74 111.97 5.46 48.25 48.91 29.87 1 5 4 . 9 4 0.74 6.27 0.80 154.55 
13 5 M HNOa 709.53 17.38 66.60 0.20 77.96 838.08 200.79 77.34 396.49 13.01 108.91 144.20 65.50 289.44 2.50 17.56 2.21 269.74 
14 5 M HNOa 878.56 20.94 71.55 0.14 46.08 564.94 146.64 75.68 405.76 9.32 109.20 91.24 55.07 242.50 2.09 15.09 1.60 287.64 
1 01 H2O 7.93 27.50 633.17 0.69 20.94 15.29 335.23 67.97 172.10 336.80 4.20 0.90 518.21 34.41 3.43 0.08 0.09 104.45 
2 01 H2O 2.25 3.41 140.95 0.17 18.89 11.79 123.31 11.43 31.74 45.29 3.93 0.90 111.30 15.62 0.86 0.06 0.09 31.91 
3 0.01 M HNO3 66.67 57.31 1143.35 7.59 666.53 28.57 357.20 139.56 570.51 59.94 44.56 677.53 63.84 89.27 21.44 0.13 0.86 851.95 
4 0.01 M HNOa 63.69 34.11 534.28 4.09 548.21 39.87 197.27 52.54 288.54 27.43 50.86 687.00 43.75 69.06 10.73 0.18 0.95 500.08 
5 0.05 M HNOa 196.99 39.36 296.18 1.23 781.00 166.40 116.41 18.87 171.97 9.76 86.26 1259.57 34.42 54.01 5.73 1.59 1.32 251.65 
6 0.05 M HNO3 288.58 37.58 509.78 0.52 217.31 236.68 94.02 19.27 244.40 10.19 117.77 756.92 37.11 94.90 4.25 1.90 1.42 175.16 
7 0.1 M HNO3 319.81 41.39 254.12 0.25 106.28 242.59 71.41 14.49 173.05 4.86 139.77 444.86 33.20 77.71 4.48 3.78 1.27 212.41 
8 0.1 M HNO3 258.33 44.05 173.48 0.23 82.50 210.49 64.10 20.40 164.00 6.36 109.99 219.45 29.91 109.05 4.61 3.86 1.04 244.70 
9 0.5 M HNO3 569.84 41.47 92.56 0.34 111.53 1275.17 102.73 30.26 240.77 0.18 123.31 303.41 38.81 173.14 3.18 10.58 1.62 221.98 
10 0.5 M HNO3 650.46 24.98 58.76 0.16 49.91 892.83 64.30 26.65 137.05 0.18 70.87 89.14 27.12 148.73 1.20 6.42 0.98 170.31 
11 1 M HNO3 582.79 29.31 82.37 0.21 74.12 714.50 87.74 63.24 302.60 12.19 102.04 131.22 45.95 293.44 2.32 8.95 1.55 244.43 
12 1 M HNO3 523.58 12.75 77.12 0.08 22.56 624.15 58.31 22.15 102.18 0.18 45.44 44.46 35.01 134.13 0.80 5.95 0.69 116.75 
13 5 M HNO3 669.54 14.40 78.87 0.17 67.08 724.83 141.91 68.01 348.00 10.33 100.24 126.62 55.49 216.74 2.22 12.58 2.04 254.67 
14 5 M HNOa 759.56 22.57 81.18 0.12 39.83 470.79 95.41 61.11 361.93 4.18 98.38 81.59 48.75 147.37 1.93 9.56 1.44 280.29 
•Where the concentration of a particular element was found to be less than the LOD of the method, the obtained value was substituted by a value of half the detection limit to 
allow data processing. These values are marked in bold. 
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F I G U R E 7 .3 .6 . - P H Y S I C O - C H E M I C A L F R A C T I O N S F O U N D F O R N I S T - 2 7 1 0 WITH T H E O N - L I N E S E Q U E N T I A L E X T R A C T I O N S Y S T E M 
Fraction 5: 
Fe-Mn cryst. ox 
Fraction 6: 
sulfides/ carb./bydrox. 
- 2 5 0 0 Fraction 1 
pore-water 2000 
- 1 5 
C a 
2 7 % ^ ^ ' 
» 500 
Fraction 2 
exchangeable 
?500 
23% y 1000 
9 10 11 12 13 14 
Fraction 3: 
Pb carbonate 
^ 1 5 0 0 
u 1000 
V 1000 o 500 Pb 51% 
2 3 4 5 6 7 8 9 10 11 12 13 14 I 5 6 7 8 9 10 1 
sequential leaches 
000 
500 
Fraction 4: 
Fe-Mn amorp ox. pHHHHHI^^^^^^^^^^^^^I 
' Legend: 
o L • Al • B a D C a D C d l C u I F e I K O M g l 
0) 500 • Na • P • Pb • S • S i • Sr • T i • V n z n 
1 5 6 7 8 9 1 0 1' 
sequential leaches 
Fraction 7: 
mixed minor fraction 
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T A B L E 7 . 3 . 5 . - C O R R E L A T I O N C O E F F I C I E N T S B E T W E E N T H E F R A C T I O N C O M P O S I T I O N S F O U N D IN T H E T E S S I E R ^ ^ ° A N D N O N - S P E C I F I C ^ ' * E X T R A C T I O N D A T A 
A N D T H E F R A C T I O N C O M P O S I T I O N S O B T A I N E D WITH T H E N E W M E T H O D F O R NIST-2710. S I G N I F I C A N T C O R R E L A T I O N S A R E M A R K E D IN B O L D . 
Fraction 1 
pore-water 
Fraction 2 
exchangeable 
Fraction 3 
Carbonate 
Fraction 4 
Fe-Mn amorp. ox. 
Fraction 5 
Fe-Mn crystal, ox. 
Fraction 6 
mixGd 
sulf ide/carbonatG/ 
Fraction 7 
minor mixed 
Con-elation p-value Correlation p-value Correlation p-value Correlation p-value Correlation P'value Correlation p-value Correlation p-value 
Tessier 
1 .MgClz (Exchangeable) 0.827 0.001 0.872 p<0.0001 0.136 0.673 -0.305 0.336 -0.164 0.611 0.585 0.046 0.626 0.030 
2.CH3C00-Na 0.053 0.871 0.236 0.461 0.918 P<0.0001 -0.207 0.518 -0.204 0.525 0.617 0.032 0.128 0.693 
3.Fe-Mn Oxides -0.131 0.685 0.103 0.750 -0.005 0.955 0.670 0.013 0.631 0.014 0.171 0.595 0.045 0.888 
4.Org. matter/Sutfide -0.212 0.509 0.015 0.963 0.647 0.023 0.336 0.286 0.566 0.055 0.381 0.222 -0.170 0.598 
S.Residual Phase 0.049 0.881 -0.181 0.574 0.187 0.561 0.680 0.015 0.821 0.001 -0.121 0.709 0.135 0.676 
Non-specific 
1.Pb/Ca/Cu... -0.219 0.493 0.044 0.893 0.956 P<0.0001 -0.202 0.530 -0.161 0.617 0.481 0.114 -0.161 0.617 
2.AI-Si fraction 0.046 0.886 -0.192 0.551 -0.177 0.582 0.625 0.030 0.779 0.030 -0.135 0.676 0.107 0.742 
3.Fe-Mn Oxides -0.136 0.675 0.083 0.799 -0.108 0.738 0.668 0.054 0.679 0.048 0.109 0.736 0.025 0.939 
4.ExchangGable 0.773 p<0.0001 0.888 p<0.0001 0.013 0.969 -0.298 0.347 -0.172 0.593 0.522 0.081 0.664 0.019 
T A B L E 7.3.6.- C O R R E L A T I O N C O E F F I C I E N T S * B E T W E E N T H E P R E V I O U S L Y R E P O R T E D F R A C T I O N C O M P O S I T I O N S F O U N D IN T H E NIST-2710 W H E N U S I N G 
T H E C E N T R I F U G E P R O C E D U R E A N D T H E F R A C T I O N C O M P O S I T I O N S O B T A I N E D WITH T H E N E W O N - L I N E S E Q U E N T I A L E X T R A C T I O N S Y S T E M . 
Fraction identified 
with the centrifuge 
procedure 
Fraction 1 
Pore-water 
Fraction 2 
exchangeable 
Fraction 3 
Carbonate 
Fraction 4 
Fe-Mn amorp. ox. 
Fraction 5 
Fe-Mn crystal, ox. 
Fraction 6 
mixed 
sulfide/carbonato/ 
hydroxide 
Fraction 7 
minor mixed 
Correlation p-value Correlation p-value Correlation p-value Correlation p-value Correlation p-value Correlation p-vatue Correlation p-valuo 
1. Pore-water 0.818 p<0.0001 0.561 0.015 -0.155 0.538 -0.121 0.633 -0.235 0.348 -0.060 0.812 0.417 0.085 
2. Exchangeable 0.093 0.715 0.890 p<0.0001 -0.073 0.773 -0.161 0.524 -0.078 0.759 0.548 0.019 0.052 0.839 
3. Carbonate -0.143 0.571 -0.068 0.790 0.935 P<0.0001 -0.103 0.683 -0.118 0.640 0.489 0.040 -0.018 0.943 
4. Fe-Mn amorp. ox. -0.162 0.521 -0.199 0.429 -0.045 0.860 0.988 p<0.0001 0.704 p<0.001 -0.129 0.609 -0.207 0.409 
5. Fe-Mn crystal, ox. -0.214 0.395 -0.059 0.816 0.041 0.872 0.762 p<0.0001 0.961 p<0.0001 -0.128 0.612 -0.207 0.409 
6. sulf7carb./hydrox. -0.112 0.659 0.423 0.080 0.724 p<0.001 0.056 0.826 0.014 0.956 0.526 0.046 -0.101 0.691 
7. minor mixed fraction 0.599 0.054 0.589 0.010 -0.093 0.713 0.171 0.498 -0.096 0.705 0.050 0.844 0.705 p<0.001 
'In this case, the values for the 18 elements were used for the correlation since data for all of them was obtained. 
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T A B L E 7.3.7.- T O T A L S E X T R A C T E D IN E A C H P H Y S I C O - C H E M I C A L P H A S E WH-H T H E N E W O N - L I N E 
M E T H O D A N D D A T A O B T A I N E D F O L L O W I N G T E S S I E R " " S C H E M E F O R NIST-2710 WPFH ± 2a (n=6) 
(mg kg'^). D I F F E R E N C E S ( B I A S ) H A V E B E E N C A L C U L A T E D F O R T H E E X C H A N G E A B L E , C A R B O N A T E 
A N D I R O N O X I D E S P H A S E S . 
On-line 
method Exchangeable Carbonate 
Fe-Mn 
Amorphous 
Fe-Mn Pore-water Sulfides Minor 
Crystalline 
Total 
Al <0.1 381 ±22 1037 ±220 3052 ±494 13.1 ±3.9 151 ±34 <0.1 1584 
C a 1742 ±43 418 ±24 <0.1 <0.1 567 ±169 661 ±149 967 ±312 4357 
Cd 13.3 ±0.3 2.3 ±0.1 0.31 ±0.06 0.12 ±0.01 <0.1 <0.1 0.79 ±0.25 16.7 
Cu 834 ±20 1666 ±96 84 ±16 8.1 ±1.2 <0.1 <0.1 130 ±42 2714 
Fe <0.1 59.2 ±3.4 2204 ±427 2632 ±388 <0.1 226 ±50 487 ±157 2977 
K 594 ±15 <0.1 <0.1 <0.1 326 ±97 <0.1 1057 ±341 1978 
Mn 881 ±22 316 ±18 <0.1 1523 ±224 124 ±37 307 ±69 142 ±45 1771 
P <0.1 170 ±10 62 ±12 391 ±58 <0.1 404 ±90 60 ±19 697 
Pb <0.1 <0.1 3826 ±210 <0.1 143 ±21 <0.1 917 ±206 120 ±39 4864 
Sr 34.1 +0.8 9.1 ±0.5 <0.1 2.8 ±0.4 1.7 ±0.5 12.6 ±2.9 5.9 ±1.9 63 
Tl <0.1 0.57 ±0.03 8.1 ±1.6 57 ±8 <0.1 0.29 ±0.07 1.19 ±0.38 10 
V 0.24 <0.1 3.7 ±0.2 0.65 ±0.13 7.3 ±1.1 <0.1 2.5 ±0.6 0.61 ±0.20 7.6 
Zn 1434 ±35 435 ±25 135 ±26 1030 ±151 21.4 ±6.4 419 ±94 154 ±49 2601 
Tessier Exchangeable Carbonate Fe-Mn 
Organic/ 
sulfides Residual Total 
CTV 
Al 44 ±14 64 ±40 489 ±70 910 ±74 62600 ±5100 64100 ±5100 54400±800 
C a 1620 ±60 323 ±86 218 ±26 152 ±14 10400 ±1000 12700 ±1000 12500±300 
Cd 9.7 ±0.3 3.0 ±0.5 3.3 ±0.3 0.7 ±0.1 3.9 ±1 20.6 ±1.0 21.80±0.2 
Cu 147 ±12 704 ±48 704 ±110 657 ±72 385 ±30 2650 ±140 2950±130 
Fe 37 +37 168 ±76 5150 ±1820 468 ±200 28100 ±2600 33900 ±3200 33800±1000 
K 586 ±42 407 ±160 251 ±14 145 ±18 18400 ±1600 21100 ±1600 21100±1100 
Mn 912 ±68 395 ±76 4660 ±870 629 ±40 3830 ±240 10400 ±900 10100±400 
P 3 ± 2 14.0 ±7.0 108.0 ±8.0 50 ±25 702 ±90 877 ±102 1060±150 
Pb 553 ±20 1300 ±100 1250 ±220 900 ±110 1080 ±90 5080 ±280 5532±80 
Sr 33.0 ±1.8 8.4 ±1.4 9.5 ±1.1 7.6 ±0.6 259 ±32 318 ±32 (240) 
Tl 1.6 ±1.0 0.8 ±0.4 0.5 ±0.3 0.9 ±0.6 2670 ±50 2670 ±60 2830±100 
V 0.1 ±0.1 1.0 ±0.7 8.8 ±1.2 2.2 ±1.0 60.1 ±5 72.3 ±6.0 76.60±2.3 
Zn 743 ±22 450 ±40 2010 ±260 387 ±26 2860 ±350 6450 ±440 6952±91 
BIAS Exchangeable Carbonate Fe-Mn 
Al 44.00 317.00 3601.53 
C a 122.20 95.47 218.00 
Cd 3.63 0.74 2.87 
Cu 687.02 962.32 611.86 
Fe 37.00 108.84 313.16 
K 8.14 407.00 251.00 
Mn 30.55 78.54 3136.50 
P 3.00 156.41 345.99 
Pb 553.00 2526.78 1106.72 
Sr 1.10 0.68 6.73 
Tl 1.60 0.23 64.97 
V 0.24 2.66 0.81 
Zn 691.63 14.63 844.04 
' C T V is the certified total concentration 
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7 . 4 C O N C L U S I O N S 
The on-line sequential extraction system designed and built in this study proved effective in 
providing the same information as established sequential extraction methods using 
centrifugation, in terms of the physico-chemical components for a reference material and a 
real sample. The system readily enables and accelerates the metal partitioning In soils and 
sediments and facilitates on-line coupling with various detection systems. 
Preliminary studies have been reported for five elements. An increase in the contact times 
for the last two leachates was performed in order to achieve similar results to those obtained 
using the first batch method developed. Further sequential extraction on-line and analysis of 
the 18 elements led to a number of physico-chemical components for both the certified 
reference material and for the River Carnon sample. The elemental composition of those 
physico-chemical components correlated well with the Tessier fractions and also with the 
fractions previously identified when using the centrifuge sequential extraction procedure. 
This on-line sequential extraction protocol would appear to offer great potential as a method 
for sample characterisation. Further work could focus on the development of a program to 
control the system, its validation with several certified reference materials and its subsequent 
application for a range of environmental studies. 
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C H A P T E R 8: C O N C L U S I O N S AND F U T U R E W O R K 
8.1 C O N C L U S I O N S 
The application of sequential chemical extraction in order to fractionate metals in soils and 
sediments into groups of different leachability, has been widely employed to determine the 
distribution of metals in different phases. A large number of sequential extraction schemes 
have been reported, most of them modifications of Tessier's extraction protocor^. Although 
this method has been widely accepted, it is important to highlight that sequential extraction 
procedures are often tedious and time consuming and that they also suffer from a number of 
limitations, such as the problem of achieving selective dissolution and the re-adsorption of 
trace metals during extraction. 
In this study a new rapid and reproducible extraction method for the evaluation of trace metal 
distribution in soils and sediments has been developed, optimised and characterised. The 
method utilises the results obtained from atomic spectroscopic measurements coupled with 
chemometric processing of the data. Thus by following a simple sequential extraction 
procedure, the physico-chemical phases of the soil and their percentage elemental 
composition may be obtained. 
The approach reported in this thesis both saves time and simplifies typical extraction 
procedures. Due to the short contact time between soil and extractant solution the elements 
were less likely to experience re-adsorption and elements such as Mg, 8 and Na (not 
determined with Tessier's scheme because they are an integral part of many of the 
extractants) could also be determined. Tentative assignments were made to characterise the 
different physico-chemical phases in a reference soil. Significant congelation between the 
composition of the physico-chemical phases obtained with the new method and those 
obtained when applying Tessier's scheme (exchangeable, bound to carbonates and bound 
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to iron and manganese oxides) was achieved, further validating the method for the rapid 
identification of components in geochemical samples. This is fundamental to many 
environmental studies, particularly those related to metal bioavailability. 
Once fully developed, the method was evaluated with a range of reference materials and a 
sediment sample from the River Carnon. The results from this exercise demonstrated that 
the new protocol was effective in providing important information in terms of metal 
distribution. Using the reference materials, significant correlation was also found between 
the physico-chemical phases obtained with the new method and those found employing the 
Tessier method. Again this Is important since the new method represents an alternative to a 
well established procedure. 
The repeatability of the method was assessed for three independent subsamples (in 
duplicate) of a sediment sample and the results proved to be compatible with the fitness-for-
purpose criterion (I.e. <15% RSD for within batch experiments and <20% RSD for between 
batch experiments ). Fitness for purpose is a universally accepted principle among analytical 
scientists to review the quality of data. In this study, an error of <15% for 6 elements (Cd, 
Cu, Mn, Ti, V and Zn) and <20% for 12 elements (Al, Ba, Ca. Fe. K. Mg, Na, P. Pb. S. Si, 
Sr) was considered acceptable for between batch experiments. 
Further studies applied the method to the study of the effect of high contents of humic acids 
(HA) on metal availability. Two different samples were used, both spiked with increasing 
amounts of humic acids (from 0% to 40% of the sample). The sequential extraction 
procedure was then used to monitor the changes In metal distribution. Differences when the 
HA were added were found for most of the physico-chemical components In both samples. 
This confirmed that HA Interact with the metals present in the soil samples changing their 
distribution. 
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The multi-element extraction method was also used to study the trace metal distribution 
within the Arosa estuary (N.W. Spain). The physico-chemical components were obtained for 
sediment samples collected from 14 different locations. Values obtained for the extractable 
contents were compared with those obtained for the total acid digest sediment samples, and 
enrichments of Cd. Cu, Fe, Pb and Zn was detected by both methods. A comparison with 
background levels in the area, and normalisation using aluminium to distinguish natural 
sources from anthropogenic inputs, indicated localised anthropogenic contamination in the 
estuary for some analytes. Thus the method proved to be a useful tool in a "real" study to 
quickly evaluate different sediment samples and characterise an area of interest regarding 
trace metal contamination. 
Finally an on-line automated multisequential extraction system was built "in-house" and 
coupled to the ICP-AES instrument to allow the fast characterisation of the samples. The 
new on-line system proved to be effective in providing the same information as the batch 
sequential extraction method, in terms of the physico-chemical components for a reference 
material and a real sample. It should be noted however that for the last two extractant 
solutions, a longer extraction time was necessary to obtain results that were in agreement 
with those from the batch method. 
This new system facilitated and accelerated the determination of metal partitioning in soils 
and sediments and enabled direct coupling to the detection instrument. It also minimised 
sample contamination and avoided sample mislabelling. 
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8.2 F U T U R E WORK 
Work to date has established a working system for the determination of the distribution of 
trace metals in soils and sediments. Further work should then focus on applying the 
methodology to create a large data base using a wider range of reference soils and 
sediments. This should include clay-like materials, those with high organic matter contents, 
high aluminosilicates etc. This would enable the rapid analysis and classification of unknown 
samples to aid survey wori< and provide a starting point for more detailed studies In terms of 
metal distribution. 
The on-line system, could also be further developed by incorporating a software program to 
control the system. At present the device is operated manually. If such a control program 
was developed, it could operate the system automatically, therefore facilitating the 
sequential extraction and analysis without operator assistance. This could be followed by 
further validation of the system with several certified reference materials and its subsequent 
application for a range of environmental studies. 
It is hoped that the current system will be employed in a number of ongoing projects related 
to the distribution of metals in contaminated estuaries and brown field sites. 
8.3RECOMMENDATIONS AND G U I D E L I N E S F O R F U T U R E U S E R S 
• Sampling procedure in this study were conducted using protocols suggested in the 
literature^^-^°®. In the future, the effect of different sampling procedures on the recoveries 
could be an interesting study. 
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• The particle size of soil and sediment sample should be between 20 and 125 pm to avoid 
filter clogging. 
• The extraction vessels of the on-line system should be washed in between analysis with 
5M nitric acid and rinsed with Milli-Q water before re-use. 
• Care should be taken with samples where there is expected to be a high organic matter 
contents as this can lead to the filters becoming blocked. The amount of sample should 
therefore be reduced in such cases. 
• Precision between batch experiments has been found to be within 10-20% for the 18 
elements. Further studies of the precision of the method are recommended for future 
studies. 
• Interpretation of the physico-chemical fractions found after the study should consider the 
following aspects: 
The acidity of leachates is an indication of the ease of extraction (i.e. pore-water fraction is 
normally extracted in the first leachates as it is removed by water) 
The second aspect to consider would be the elemental composition of the physico-chemical 
phase (i.e. a fraction made up by mainly Fe and Mn and removed within the last leachates Is 
likely to represent the Fe-Mn oxides fraction) 
Finally a comparison of data obtained using the new method and either mlneraloglcal data or 
the results obtained following Tessier scheme would help tentative assignments of the 
physico-chemical phases. 
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APPENDIX I. - G E O L O G I C A L INFORMATION F O R T H E PURE MINERALS^ 
Name Composition Crystal System Hardness Lustre Colour Streak Cleavage Fracture Occurrence and 
and Habit Specific gravity Remarks 
Albite NaAISisOa Tri clinic. 6 Vitreous White, grey White Perfect (001) Uneven Metamorfic and 
(Group of Prismatic, flattened, 2.7 Good igneous rocks 
Plagiodases) polysinthetic twinning; (010) 
also masive, granular 
Calcite CaCOa Trigonal; nail-head. 3 Vitreous Cotouriess or White Perfect Conchoidai Common mineral; in 
(Group of dog-tooth and 2.71 white (1011) sediments; altered 
Carbonates) prismatic; twinning basis igneous rocks: 
common, massive. in veins, etc.; as 
stalactic, granular stalactites, travertine, 
Chlorite (Ca.Na.K)(Mg.Fe.AI)B Monoclinic; tabular; 2.5 Vitreous to dull Green with White to Perfect 
Q I C . 
In igneous rocks 
(Group of (Si.AI)B0„ usually granular, scaly 3 other tints pale green (001) from alteration of 
Chlorites) (OH)10-n(H2O) biotite, etc.; in schists 
Dolomite CaMg(C03)2 Trigonal; 3.5/4 Vitreous White, often White Perfect Conchoidal Sedimentary rocks, 
(Group of rhombohedral crystals 2.85 Dull tinged with (1011) brittle alteration of 
Carbonates) common; twinning yellow, brown. limestone; also in 
frequent, massive; red metalliferous veins 
granular as gangue 
Gibbsite AI(0H)3 Monoclinic; rare 2.5-3.5 Vitreous, White White Perfect Uneven Most common of the 
(Layer-lattice crystals are tabular. 2.4 Pearty along (001) Al (hydr)oxides, and 
minerals, More commonly as cleavages the only one that 
phyllosilicates) radiating spheroidal commonly occurs in 
concretions. soils. It forms as a 
weathering product 
of aluminous parent 
materials. 
Kaoltnite AljSijOslOH)* Triclinic; fine powdery 2 Dull White, greyish White Perfect Hydrothermal 
(Layer-lattice clay, pseudomorphs 2.6 (001) when alteration and 
minerals) after feldspar detectable weathering of 
feldspars, etc. 
Muscovite KAI2(Si3AI)Oio Monoclinic; tabular; 2.5 Vitreous/Pearly Colourless, White Perfect (001) Granite pegmatie. 
(Micas) (0H.F)2 usually platy, massive 2.85 pale brown or achist. groisen; 
or flakes Vers green detrital mineral. 
Plates flexible and 
elastic 
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APPENDIX II.- CHARACTERISATION OF HUMIC ACIDS AND ORIGIN ( C O U R T E S Y O F SIGMA-ALDRICH EUROPEAN TECHNICAL S E R V I C E S ) 
Humic acid sodium salt (Sigma-Aldrich): 
Composition Polysacharide. protein, simple phenols, chelated metal ions: 
Genesis Resulting from the decomposition of organic matter, particularly dead plants; 
Found In Vegetable soils, peat, soft coal; 
Origin Brown coal, which comes from the norhtem part of Germany; the humic acid sodium 
salt is prepared by alkaline digestion. 
Appearance Black granules 
Infrared spectrum Conforms to structure. 
Elemental analysis Carbon 38.28% hydrogen 4.71% nitrogen 0.63% 
Trace analysis Al 0.345 ppm; Ba 0.010 ppm; Ca 1.37ppm; Cr 0.002 ppm; Cu <0.002 ppm; Ga 
<0.005ppm; Fe 0.547 ppm; Li <0.005 ppm; Mn 0.0171 ppm; Mg 0.243 ppm; K 0.0683 
ppm; Si 8.52 ppm; Sr 0.0133 ppm; S 0.952 ppm; Ti 0.0430 ppm; V 0.0017 ppm; Zr 
<0.002 ppm 
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"6*^ International Symposium on Applied Bioinorganic Chemistry", June 2001, Cardiff 
University, Wales, UK. 
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Measurement solid-phase partitioning of trace metals in soils and sediments using a 
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"Analytical Research Forum", July 2001, University of East Anglia, Norwich, UK. 
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Optimization of a multielement sequential extraction method 
employing an experimental design approach for metal partitioning in 
soils and sediments 
Rebeca Santamarla-Fem^ndez," Antonio Moreda-Pineiro* and Steve J . HiU 
^Department of Environmental Sciences. Plymouth Environmental Research Centre, 
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First published as an Advance Article on the web 13th March 2002 
The optimisntion of a simple multielement extraction method employing an experimental design approach is 
described. The method uses centrifugation to pass one extraclant solution a l varying pH through a 
contaminated soil sample. The nature and concentration of the acid, rale of centrifugation and time, number of 
sequential leachates and the ratio of extraclant volume:sample weight have been studied in order to obtain the 
optimum conditions for extraction. A fractional factorial experimental design was performed, and the results 
were used to identify significance which was then evaluated by carrying out a central composite experimental 
approach. Once optimum conditions had been obtained, sequential leaches were analysed by I C P - A E S and 
chcmometrics were employed to identify the composition of each component. Comparisons have been made 
with previous studies and tentative assignments, based on well defined separated fractions and percentage 
compositions for individual elements, used to identify the different physico-chemical components in the sample. 
Introduction 
Concern over possible health and ecological efTccts due to the 
accumulation of heavy metal contaminants in the environment 
has prompted numerous investigations into metal partitioning 
in soils and sediments. Most of these studies have focused on 
total metal concentrations and relatively few attempts have 
been made to evaluate the operationally defined "specialion" 
of metals in particulate form. However it is now widely 
recognised that the dev-clopment of new strategies to quantify 
the chemical forms of metals in soils is essential when 
estimating the mobility and bioavalilability of the metals in 
the environment,''^ particularly since metals in soils may be 
present in several different physico-chemical phases acting as 
reservoirs or trace element sinks. 
In order to obtain information on the distribution of metals 
between these soil/sediment phases, sequential chemical 
extraction has proved to be one of the most useful methods 
currently available.^* Se\'eral extraction schemes have also 
been reported involving single or multiple extracting reagents 
for partitioning trace elements in sediments, soils and sludge; 
most of these are modifications of Tessier's extraction 
protocol.' Although this method has been widely accepted 
and applied to metal fractionation in soils and sediments in 
many studies, it is important to highlight that sequential 
extraction procedures are often tedious and time consuming 
and that they also suffer from a number of limitations, such as 
the problem of achieving selective dissolution and the re-
adsorption o f trace metals during extraction. Recently Cave 
and Wragfi' by using a non-specific extraction reagent, H N O s , 
addressed the problems of methodologically dcfmed phases 
and of the reagents being difBcuIt to analyse. 
In this study we have optimised a multielement extraction 
method using an experimental design approach. The different 
variables are altered within a predefined range so that their 
effects on the output variables (responses) can be estimated and 
checked for significance. The method uses a non-specific 
reagent and has addressed the problems of re-adsorption of the 
extracted metals* ' by using a ccntrifugation lube fitted with a 
filtration membrane to separate the solutions from samples. 
Separated aliquots of the non-specific reagent at increasing 
concentration are passed through the soil/sediment sample 
under centrifugal force. The application of a factorial frac-
tional design followed by a central composite design provides 
additional infomiatton in addition to a reduction in the length 
of the procedure and belter recoveries. Finally, the optimised 
method has been evaluated with a certified reference material 
(contaminated soil) and the data obtained from the analysis of 
the resulting solutions used lo idenUfy the physico-chemical 
phases present in the lest sample. 
Experimental 
Instrumentation 
The determination of metals in the extracts was carried out by 
I C P - A E S (Optima 3000, Perkin Elmer Corporation, Nonvalk, 
U S A ) . The operating conditions employed arc shown in 
Table 1. Ccnlrifugalion of the extracts was performed using 
a Centaur2 Centrifuge (Sanyo, Loughborugh, Leicestershire, 
U K ) . 
Whatman® "Vectaspin 20" polypropylene centrifuge tubes 
fitted with filler inserts were used as extraction vessels (Fisher 
Scientific. Lcicesteishire, U K ) . The filters used were fabricated 
from inorganic Anopore® membrane (pore size 0.2 ^m) 
and incorporated a pre-filter of the same malerial (Fisher 
Scientific). 
Test material 
The method was tested on a N I S T (National Institute of 
Science and Technology, Gaithereburg, Maryland, U S A ) 
certified reference malerial, C R M 2710. This C R M is a 
330 J. Environ, Monti., 2002, 4, 330-336 
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Tabic 1 ICP-AES operating coodilions 
Plasma source file conditioDS: 
Poft-erAV 1300 
Gas flows/I min"': 
Plasma 15 
Nebuliser 0.8 
Aujuliaiy 0.5 
Viewing height/mm 15 
HlemcDl Wavelenglh/nm 
Al 3082 
Ba 2333 
Ca 317.9 
Cd 214.4 
Cu 324.8 
Fe 2382 
K 766.5 
Mg 279.1 
Mn 257.6 
Na 330.2 
P 213.6 
Pb 220.4 
S 180.7 
Si 251.6 
Sr 407.8 
Ti 334.9 
V 292.4 
Zn 213.9 
highly contaminated soil Trom pasture land along Silver Bow 
Creek in the Bultc, Montana area ( U S A ) and it is certified for 
high levels of heavy metals, in particular C u . Mn. Pb and Z n . 
Goicral procedure 
The sample (^ 1 g.) was accurately weighed into the filter tube 
insert and a predetermined number of aliquots of one 
extractant at increasing pH were sequentially added. The 
Whatman^ *'Vectaspin 20" polypropylene centrifuge tubes 
consist of two tubes. The inner tube contains both the test 
sample and the aliquot of exlractanL The external tube collects 
the extractant after ccntrifugation has been performed. By 
removing the inner lube, the collected extraclanl in the outer 
Table 2 Experimental variables and range of variation 
Variable Range 
Centrifugation time 8-12 min. 
Centrifugation rate 2000-3000 rpm 
Acid coacenlration range 0-3 M/0-7 M 
Exlnctanl HNOj/HNOj: HCI 
Ratio n-eight: volume From 1:5 to 1; 10 
Number of exlniclanis From 10 to 18 
lube may be readily removed for subsequent analysis by I C P -
A E S / M S . The next aliquot of exlractanl is then added to the 
inner tube, and again collected in the outer tube following 
centrifugalion. This procedure is repealed for all fractions 
(typically 10-18) until ihe final aliquot is added (al maximum 
pH). The experimental variables and range are given in Table 2. 
Reagents 
Al l solutions were prepared using ultnipure-deionized water 
supplied from a MIlli-Q-System ( E L G A , Buckinghamshire, 
U K ) . A l l reagents used were of Ar istaR grade ( B D H , Poole, 
Dorset, U K ) unless otherwise staled. 
Results and discussion 
Experimental design approacfa 
The factor design approach'^ " requires fewer measurements 
than classical oplimisation trials to provide similar precision. 
The method also detects and eslimatcs interactions between 
factors, an advantage when compared to classical approaches. 
The main objective when analysing experimental design data 
is to calculate and evaluate a list of ihe main effects and 
interaaion effects given by the A N O V A table for each element. 
Once it is known which of the effects are significant {Le. those 
for which p < 0.05 for a confidence interval of 95%), the 
experiment can be extended to obtain optimimi conditions. 
Fractional factorial design 
A preliminary fractional factorial design was impkmenled 
taking into accoimt all of the factors which may potentially 
affect the extraction efficiency: cenlrifugation rate, cenlrifuga-
lion time, ratio sample weight :extractanl volume, number of 
extraction steps, acid type and acid concentration. A l l of these 
parameters were set as continuous variables except acid type 
(for which there were two choices: aqua regia or HNO3). This 
was set as a categoric variable. The possible variation was then 
established for each \'ariable. The values corresponding to the 
higher (+ ) and lower ( - ) points for each variable are shown in 
Table 2. The corresponding fractional factorial design is given 
in Tabte 3. The sixteen experiments provided a total o f 224 
solutions, which were then analysed by I C P - A E S for the 
elements A l , Ba, C a . C d , C u , Fe, K , Mg, Mn, Na, P, Pb, S , Si , 
Sr. T i , V and Z n . 
The independent analysis of variance ( A N O V A ) for each 
element identified which of the variables could be kept constant. 
One important observation was thai the number of steps in the 
extraction procedure was found to be non-significant for most 
of the metals and therefore 14 steps was the number fixed for 
further experiments. Nitric acid was found to be a better 
Table 3 Experrmenlol detail for the fractional factorial design 
Experiment 
Ccntrifu^lion 
ttme/min 
Cenlrifugalion 
rate/rpm 
Maximum acid 
concent rat ion/M Extractant 
Ratio 
ft*eighl/vol. 
Number of 
extracts 
CubcOla 8 2000 3 HNO3 5 10 
Cubc02a 12 2000 3 U N O J 10 10 
Cube03a 8 3000 3 HNO3 10 18 
Cube04a 12 3000 3 HNO3 5 18 
Cubc05a 8 2000 7 HNO3 10 18 
Cubc06a 12 2000 7 HNOj 5 18 
Cubc07a 8 3000 7 H N O , 5 10 
CubeOSa 12 3000 7 HNO3 10 10 
Cube09a 8 2000 3 1 IC l : HNO3 5 18 
CubelOa 12 2000 3 I ICI: HNO3 10 18 
Cubella 8 3000 3 HCI: MNO3 10 10 
Cubel2a 12 3000 3 H a : H N 0 3 5 to 
Cube 13a 8 2000 7 H a : HNO3 10 10 
Cube 14a 12 2000 7 H C I : I I N 0 3 5 10 
CubcISa 8 3000 7 H Q : IfNOj 5 18 
Cubel6a 12 3000 7 H Q : H N O , 10 18 
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3ube Expt 
Cert-Expt 
TaMc 4 Experimentul (k-t.iil for central composite design 
• n ^ - E x p t 
Fij». I C^entral composite design for three design variables 
extractanl than uqu^i rei^ui and the final concentration for the 
extractanl had no particular effect on the extraction. 
Central composite design 
A centra] composite design was then performed in order to 
obtain the optimum conditions with the three continuous 
variables found to be significant for this study. The design 
included a total of: 2* • 2k + n runs, where k is the number of 
factors studied (centrifugation time, centrifugation rate and 
ratio extractant volume: sample weight i.e. A: « 3), 2* are the 
points from a factorial experiment, i.e. six for cube experi-
ments, and 2k are the number of points carried out on the axes 
at a distance of + a from the centre, a three variable central 
composite design is rotatable if a = + 1.68.'* The number of 
experiments at the cx'nlered ctinditions was fixed at n = 2. 
Figure 1 illustrates the design for three variables. A l l 
experiments were randomly performed without replication. 
The experimental conditions used for the central composite 
experimental design study are given in Table 4. 
There are several ways to simultaneously optimise the 
responses (18 elements), when the number of independent 
variables is small. Combining the response surfac-es to identify 
CentnfugatH>n Ceo(rifu^tK>n 
Experiment time/imn rate/rpm weight: vol. 
CubeOla R 2000 5 
Cube02a 12 2000 10 
Cube03a 8 3000 10 
Cube04a 12 1000 5 
Cube05a 2000 :o 
Cube06a 12 2000 
( ube07a .1000 5 
Cube08a 12 3000 10 
• L : A - a 6 6 2500 7.5 
•H A-a n.3 2500 - > 
• L B-a H) 1660 
• n B-a 10 3350 7.5 
• L :C-a 10 2500 3.3 
•H C-a in 2500 U.7 
(ent-a 10 2500 7.5 
Cent-b 10 2500 7.5 
the optimum conditions is then a simple and often an effective 
method. Three response surfaces were drawn for each element 
and the optimum conditions listed for the individual extraction 
of all of the elements. Figure 2 shows an example for A l . 
Optimum ct>nditions for the methcxl were fixed in order to 
achieve maximum recoveries for most of the elements 
(Table 5). 
labk- 5 Compromise conditions for the sequentiaJ extraction method 
Ratio sample weight: 
extractant volume: 
Centrifuge rate: 
Centrifuge time: 
Acid type: 
Add concentration range: 
Number of extractanls 
1 g Sample and 10 ml 
of e.xtractant 
2-500 rpm 
V min 
UNO, 
from 0 to 5 M 
14 
A) B) 
t o 
C) D) 
Hj". 2 Fxample of response surface overview for Al. A, Centrifugation rate (rpm ) is extractant volume: sample weight (ml: g.). B, Contour plot of 
the bndscapc response surface shown in A. C , Centrifugation time (min.) vs. extraclant volume: sample weight (mg g). D. Centrifugation time 
(min ) IS centnfugation rate (rpm). Units for the third axe in all the graphs are mg of Al extracted per Kg of sample in each graph the third variable 
has been set to average value. 
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Table 6 Summary of chemical analysis daia for the sequential leaches (mg kg"')" 
Exir. 
Number Exiractant Al Ba Co Cd Cu Fc K. Mg Mn N Q P Pb S Si Sr Ti V Zn 
1 0 M HNOj 1.49 18.74 892.94 1.03 78.76 0J7 535.45 241.33 473.06 157.08 53.00 89.45 706.59 1.02 9.56 1.09 1.00 398.13 
2 0 M I INOj 1.49 1.15 125.95 0.51 29.39 4.35 210.54 32.08 62.56 61.31 27.79 19.83 202.34 3.29 2.57 0.01 4.45 58.17 
3 0.01 M HNOj 34.00 14.57 1529.35 1.20 294.78 0.87 432.96 198.83 810.13 314.26 145.37 5.13 161.29 63.80 O.OI 0.01 1.64 829.85 
4 0.01 M HNOj 43.35 25.47 971.86 4.55 1070.45 10.66 279.83 142.04 524.85 386.07 483.90 221.33 80.89 93.76 22.48 0.01 0.02 950.68 
5 0.05 M HNOj 209.57 32.49 475.35 0.52 1324.20 110.95 179.06 99.34 454.10 389.50 585.23 2406.71 16.03 110.17 13.90 0.08 1.33 601.75 
6 0.05 M H N O 3 422.73 24.39 243.23 0.53 462.19 194.30 36.01 74.41 478.92 35.49 193.41 1820.83 93.49 83.25 6.90 1.06 0.02 206.68 
7 0.1 M HNOj 555.33 13.70 217.84 0.58 199.72 352.65 107.48 36.19 204.06 60.01 82.27 896.28 7.65 65.34 5.01 3.26 3.61 80.35 
8 0.1 M I INOj 350.44 20.36 266.41 0.56 136.57 342.44 2.38 80.54 186.53 102.93 57.04 555.52 99.61 84.17 4.03 1.84 0.02 78.10 
9 0.5 M HNOj 651.48 16.80 239.87 0.59 128.26 1259.55 93.18 2.97 153.92 59.25 58.74 672.67 133.36 82.27 3.39 5.63 2.36 70.37 
10 0.5 M HNO3 528.83 22.04 195.67 0.60 143.38 1037.13 64.30 76.87 287.20 60.53 32.90 284.99 53.75 154.87 3.64 4.77 4.02 147.72 
11 1 M HNOj 428.39 20.98 43.61 0.63 79.07 797.99 92.79 59.14 206.84 56.37 45.27 49.26 17.86 127.36 2.85 6.12 0.02 116.85 
12 1 M HNOj 656.48 19.55 22.78 0.91 82.63 749.27 55.30 85.34 297.41 58.69 51.77 144.38 17.70 175.77 3.30 5.40 3.89 170.53 
13 5 M H N O J 302.22 11.96 8.21 0.67 37.56 414.04 137.26 3.21 101.73 59.33 28.10 22.36 69.66 159.45 2.01 4.12 2.23 58.03 
14 5 M H N O J 779.75 10.40 26.60 0.51 67.45 768.95 92.88 22.13 443.71 62.68 42.87 138.21 45.98 218.91 3.69 11.13 2.82 183.12 
1 0 M H N O J 1.49 21.50 778.38 0.98 37.51 0 ^ 747.39 153.20 392.62 57.26 35.40 6.03 969.16 54.18 8.51 0.01 4.72 276.96 
2 0 M I INOj 1.49 7.66 164.52 0.57 32.83 0.87 177.97 4.05 76.07 60.11 11.91 28.54 617.73 19.89 2.83 0.01 0.02 61.08 
3 0.01 M IfNOj 1.49 16.46 1702.76 1.11 155.00 0.87 758.90 355.60 900.97 272.66 92.48 103.84 273.22 49.45 0.01 0.01 2.75 728.68 
4 0.01 M I I N O J 45.54 22.00 1259.74 11.28 761.08 9.38 449.08 168.91 648.50 314.37 341.27 139.65 18.50 100.09 24.94 0.01 0.44 1018.23 
5 0.05 M H N O J 133.14 40.90 609.67 1.41 1670.00 83.44 300.93 2.99 473.31 149.59 739.01 1627.82 25.86 118.73 15.92 0.01 3.27 870.33 
6 0.05 M H N O J 368.01 21.53 264.05 0.51 584.71 179.04 167.99 71.61 543.49 62.76 266.55 2395.71 17.64 136.47 7.11 0.14 5.86 286.99 
7 O.l M H N O J 552.76 18.58 199.06 0.66 250.46 332.84 68.81 26.89 237.98 63.53 100.67 1363.15 25.50 86.56 5.49 0.12 3.61 95.70 
8 0.1 M H N O J 504.11 17.09 339.56 0.62 194.75 404.71 143.84 40.59 253.16 94.84 81.32 757.03 41.60 55.61 5.13 1.22 1.54 100.55 
9 0.5 M H N O J 743.46 25.94 269.37 0.51 147.67 1317.87 120.50 109.34 167.24 62.35 40.10 767.12 93.23 85.08 3.93 6.45 6.79 78.01 
10 0.5 M HNO3 606.27 20.55 235.22 0.59 162.39 1165.87 36.94 93.16 314.50 59.33 60.06 403.92 17.46 156.15 4.02 4.70 1.89 158.22 
11 1 M HNO3 436.91 17.31 16.29 0.57 82.16 842.77 187.07 2.97 216.34 62.90 45.36 68.91 22.47 124.93 3.11 3.58 3.17 119.14 
12 1 M HNO3 795.42 17.77 21.76 0.51 86.09 781.47 117.16 114.98 330.90 58.22 47.71 181.00 171.18 209.85 3.59 5.81 4.10 190.93 
13 5 M I INO3 296.77 18.34 0.05 0.61 29.82 399.60 128.29 72.77 96.24 6.20 35.28 102.61 16.57 191.44 1.96 5.37 10.10 54.26 
14 5 M HNO3 686.62 13.94 20.81 0.62 59.02 667.74 191.75 109.52 412.44 163.13 17.89 72.00 19.10 197.33 3.09 6.11 5.37 167.16 
"Where ihe conccniraiion of a particular clement was found 10 be less than the L O D of the method, the obtained value was substituted by half the detection limit to allow data processing. Values marked in 
bold. 
Table 7 Eigenvalues oblained from the PCA Table 8 Vonmox rotated scores for the sequ::ntial Izachss data set 
Principal 
ccmpon?nt 
PCI 
PC2 
PC3 
PC4 
PC5 
PC6 
P O 
PCS 
PC9 
PCIO 
PCM 
PC12 
PC13 
PCM 
PCI5 
PC16 
PC17 
PC18 
Eigrnvaluss 
o.snms 
0.241695 
0.144124 
0.073505 
0.057742 
0.043882 
0.029008 
0.015529 
0.014899 
0.012119 
0.007401 
0.006727 
0.004249 
0.002883 
0.001387 
0.001053 
0.000227 
0.000039 
Varimax rotated 
eiEcnvalus 
0.273824 
0.253661 
0.237865 
0.091492 
0.088392 
0.084925 
0.070346 
0.037 ICS 
0.029994 
0.0114S5 
0.010454 
0.009869 
0.0069 
0.006448 
0.002642 
0.002127 
0.000337 
0.000O45 
Interpretation of the response surface models 
Optimum conditions were obtained from the response surfaces 
for A l , Ba. C a , C u , Fe, K , Mg, Mn, Pb, S, Si , V and Zn . The 
optimum conditions for the centrifugation were found to be 
around 9 minutes and 2500 rpm, and the optimum ratio of 
sample weight: extractant volume was found to be 1:10 using 1 
g sample per analysis and 10 ml extraclant in every step. For 
C d , Na. P, S , Sr and T i , compromise conditions were selected 
to facilitate most of the elements following a detailed study of 
the response surfaces. 
Once the method was optimised, two replicate analyses of the 
reference material were conducted under the optimimi condi-
tions to check the reproducibility. Chemometric processing of 
PC 1 PC 2 P C 3 P C 4 P C 5 PC 6 PC 7 
Al -O.I CO "0270 0.048 -0.(M9 0.087 -0.0S8 0.068 
Ba 0.026 -0.027 0.164 0.C07 -0.005 -0.C06 0.019 
Ca 0.233 0.079 0.042 0.055 -0.027 0.076 -0.028 
Cd 0.051 0.023 0.027 0.173 0.015 0.001 -0.020 
Cu 0.029 0.055 0.228 0.044 0.036 O.COO 0.032 
Fc -0.086 -0.293 0.041 -0.040 0.048 -0.024 -0.027 
K 0.181 0.092 -0.005 0.032 • 0.125 0.042 -0.045 
Mg 0 ^ 6 0.021 0.019 0.013 -0.040 0.018 -0.014 
Mn 0.216 0.033 -0.052 0.022 0.006 -0.029 0.033 
Na 0.169 0.067 0.107 0.070 0.034 0.016 -0.019 
P 0.034 0.C63 -0.224 0.044 0.033 -0.004 0.027 
Pb -0.032 0.021 -0.173 -0.045 0.052 0.024 0.231 
S 0.034 0.C64 0.047 -0.017 -0218 0.046 -0.022 
Si 0.030 -0.114 -0.021 0.001 0.070 -0229 -0.014 
Sr 0.023 0.042 -0.155 0.169 -0.023 0.006 0.009 
Ti -0.057 -0.197 0.068 -0.028 0.026 -0.107 -0.048 
V -0.021 -0.029 0.021 -0.031 0.005 -0.032 0.004 
Zn 0.198 0.082 -0.160 0.106 0.015 0.001 -0.042 
the data oblained from the analysis of the sequential extra-
clanls by I C P - A E S may be used to illucidate the physico-
chemical composition of the soil/sediment by comparison with 
the components obtained using Tessier s protocol.^''^ 
Prinripal component analysis 
The fourteen extracts from each sample obtained imder 
optimum conditions were analysed by I C P - A E S . The trace 
metal data from the two replicates were combined lo give a 
data matrix 'A^ of 18 elements by 28 extracts. AAer pre-scaling 
of the data matrix (each column is scaled by dividing by the 
maximum value of the column ensuring thai all elements 
contribute equally to the P C A model), principal component 
analysis ( P C A ) was performed on matrix and Varimax 
Component 1 Component 2 Component 3 Component 4 
Component 5 Componont 6 Component 7 
A] Ba Ca Cd Cu Fo K Mn Na P Pb S Si Sr Ti V Zn • n • s • • • • ^ • • • E l • • • • • 
Fig. 3 Suggested chemical compositioa of the se\en physico-chemical components for NIST 2710. 
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roialion was applied (appUcatioD of Varimax Rotation helps 
to select the optimum number of components that will be 
necessary to describe the model). The number of physico-
chemical components (n) within the model were chosen from 
the Eigenvalues and the variance associated with the principal 
components. 
The next stage of the study was to use the scores derived from 
the PCA to obtain matrix "B" (matrix 28 x (n)) in order lo 
explain the contribution of each extract to the different 
physico-chemical components. Matrix ^ff is scaled by sub-
tracting the minimum value and dividing by the maximum 
value minus the minimum value for each element of a column 
so that each extract is expressed as a fraction of the total 
extracted for each component Once all of the \-alues have been 
set between 0 and 1, multiple linear regression (MLR) of the 
scores for the (n) components against the simi of the touil 
extracted solid in every extract (sum of the rows in matrix M') 
may be performed and a better approach to matrix 'B* was 
achieved by multiplying each cohmm by the h regression 
coefficient given aAer MLR. 
Finally matrix "A^ and matrix "B" were used lo obtain matrix 
C ( ( H ) X 18 elements) which relates the concentrations of each 
element in each component. An iterative pseudo-inverse 
calculation involving matrix "A* and matrix *F led us lo 
matrix 'C. In order to obtain the elemental composition of 
each component, matrix ' f l* was multiplied then by matrix *C 
Component 1 is obtained by multiplying the first row of'ff* by 
the first row of 'C and so on for the rest of the components. 
The PCA and MLR were carried out using Statisitica 5.1 
(StatSon. Inc.. Tulsa, USA) together with Scan 1.1 (Minilab 
Inc., State College, Pennsylvania, USA) and the iterative 
process was written in MathCad Plus 7.0 (MathSofl., Inc., 
Surrey, UK). 
Analysis of the add extracts 
The 28 solutions provided by the optimised proo«lure were 
analysed by ICP-AJES for each of the elements identified above. 
The ICP-AES operating conditions and wavelengths used were 
as presented in Table 1. A summary of the chemical composi-
tions of each of the sequential leaches expressed in mg per kg of 
sample are given in Table 6. 
Sequential leacfa data 
The Eigenvalues obtained for the PCA model (Table 7) show 
that there are seven components with rotated Eigenvalues 
(greater than 0.05) and a step change between the seventh and 
the eighth principal component. Therefore seven components 
ha\e been used to describe the model (using a smaller number 
of components will lose the good correlation with Tcssier 
fractions). The loadings are given in Table 8 for the seven 
components identifying the elements Al, Ca, Cu, Fe, Mn, Pb 
and Zn as having the highest values. 
Once matrix 'B* and *C had been obtained, the compositions 
of the seven components were obtained. Figure 3 shows the 
elemental composition of the components. The total solid 
extracted in every stage is shown in Figure 4 in order to make 
lenlalive assignments of the components found in this study to 
specific pbysico-chenucal phases. 
Component I . This component is extracted with 0.01-0.05 M 
HNO3 and is made up mainly of Ca (37%), Mn (19%), Zn 
(16%)andMgandK(both < 15%). The significant correlation 
(Table 9, good correlations shown in bold) with the fraction 
extracted using MgClj under the Tessier scheme by other 
authors '^'^  suggests that this is the exchangeable fraction. 
Component 2 and component 5. Component 2 is removed by 
0.1 ^ 1.0 M HNO, and is dominated by Fe (60 %) and smaller 
amounts of Al, and Ca. Component 5 extracted with 0.1-5 M 
HNO3 is also made up of Fe (24%) and Al (31%) with Mn. 
Si and Zn ranging from 18-5%. A correlation between these 
components and the Fe-oxide fraction identified in other 
studies' was found, suggesting that the present methodology 
may hav-c identified two different iron oxide components. Thus 
component 2, being the more easily extracted, could be the 
amorphous iron oxide fraction whilst component 5, which is 
extracted with more concentrated acid and shows good 
correlation with the residual fraction found when following 
Tessier's protocol, is probably the crystalline iron oxide 
fraction. 
Component 3. This component is removed by HNOj in the 
range 0.05-0.1 M and is made up of Cu (28%) and Zn (18%) 
and smaller amounts of Ca, P, Mn, Mg, K and Na. This 
component has no significant correlation with previously 
identified fractions although it is possible that previous 
methods were not able to identified this as an independoii 
component. It is probably composed of a mixture of metal 
sulfides and carbonates/hydroxides. 
Component 4. This is the most easily extracted component 
and is completely removed by Milli-Q water. It is made up 
mainly from S (57%) and K, Na, Ca and Mn. Although 
significant correlation was found with the exchangeable 
fractions found by other authors no tentative assignement 
was done as sulfur is the main element and was not determined 
in previous studies. 
ExtTBCllOn SQQO 
Extraction slSDO 
Fig. 4 Total extmction solids for each exlraclion stage for NHST 2710. 
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Component 6. This component is extracted over a broad 
range from 0.01 to 5M HNO3. It is mainly made up of K with 
smaller amoimts of Pb, P, S, Na and Mg. 
Component 7. This component is removed within the range 
0.05-0.5 M HNO3 and is made up of 57% Pb, Al 13%, Mn 10% 
and 8% Cu. There is a significant correlation with previous 
donoinated Pb fractions (Table 9). A component of simihr 
composition would be obtained following the Tessier's 
procedure when using sodium acetate at pH 5 (reagent 
specified to extract carbonate and specifically adsorbed 
phases) suggesting then that this is the Pb carbonate phase. 
Conclusions 
In this study a multielement extraction method has been 
developed and optimised to both save time and simplify typical 
extraction procedures. The extraction process is carried out in 
centrifuge tubes fitted with a filter insert to avoid the need for 
washing between extractions and allowing the sequential 
extract to be analysed directly by ICP-AES. Due to the short 
contact time between soil and extraction solution the elements 
are less likely to experience re-adsorption. Elements such as 
Mg, S and Na can also be determined. 
Tentative assignments have been made in order to char-
acterise the different physico-chemical phases in a reference 
soil. This has been done by comparison with previously 
obtained data following Tessier's protocol. The method offers 
potential for a range of environmental pollution studies and 
quick identification of components in geochemical samples. 
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The eflect of humic acids on the sequential extraction of metals from various soils and sediments has been 
studied. A new multi-clement extraction method optimised via experimental design has been employed. The 
method uses ocntrifugation to pass the extractant sohjtion, at varying pH, through the sediment sample. The 
sequential leaches were collected and analysed by ICP-AES. Chemometric data processing was utilised to 
identify the composition of the physico-chemical components in order to characterise the sample. A sediment 
sample collected from Carnon River (Cornwall, UK) and a reference material (NIST 2711 agricultural soil) 
were spiked with humic adds and the sequential extraction scheme was used to monitor the changes in metal 
distribution. The method has proved a quick and reliable way to evaluate different sediment samples, and has 
potential as a new tool for environmental geochemistry analysis. 
Introduction 
There is increasing interest in studying the distribution of trace 
metals in soils and sediments in order to elucidate biochemical 
and geochemical phenomena.''^  Humic substances are classed 
as amorphous, organic macromolecules associated with highly 
transformed organic matter present in soil and aquatic 
environments.^  Such materials are a major component of the 
organic fraction and are thought to play an important role in 
the solubility, mobUity, transport, concentration and accumu-
lation of trace metals in plants and roots. Humic acids also 
increase the water holding capacity of soil thereby helping 
plants resist desiccation and break up improduclive clay soils, 
aiding seed germination, and root respiration, formation and 
growth. 
The chemistry of himiic substances is complex; they bind to 
both metals and organic molecules, and they act as effective 
acid base buffers in natural environments. The behaviour of 
hiimic substances is further complicated by the strong tendency 
to aggregate through physical and chemical cross-linking and 
the ability to adsorb on to clay and other mineral particles.** 
Humic substances may be operationally classified according to 
pH-dependent aqueous solubility, giving loosely defined 
subcategories: humic acids (HA), which are insoluble at low 
pH; fulvic acid (FA), lower molecular weight members soluble 
at all pH; and humin (HU), which contains more aromatic 
compounds insoluble at all pH with lower binding ability.^ This 
study focuses on the eflect of the HA fraction that is normally 
found in aqueous and soils environments on the trace metal 
distributions. 
To obtain information on the distribution of metals between 
soil/sediment phases, sequential chemical extraction has proved 
to be one of the most useful methods currently available.^ 
Several extraction schemes have been reported invoking both 
single and multiple extraction reagents, most of these are 
modifications of Tessier's extraction scheme.'* Although this 
method has been widely accepted and applied to metal 
fractionation in soils and sediments, it is important to highlight 
that sequential extraction procedures are often tedious and 
time consuming. They also suffer from a nimiber of limitations, 
such as the problem of achieving selectiv-e dissolution and the 
re-adsorption of trace metals during the extraction process.'^  
In previous studies'*"" a multi-€lement extraction method 
has been proposed based on an experimental design approach. 
The method uses a non-specific reagent (HNO3) and has 
addressed the problems of re-adsorption of the extracted 
metals'^ *^ using a centrifuge tube fitted with a filtration 
membrane to separate the solutions from samples. 
Here the work is extended to investigate the effect of the 
presence of humic acids on the physico-chemical components 
obtained using a sediment sample from Cornwall (UK) and a 
soil reference material. This has been carried out by adding 
increasing proportions of humic acid to the soil samples and 
examining the subsequent effect on the metal distributions in 
the soils by subjecting each mixture to the sequential extraction 
procedure. 
Experimental 
Instmmentation 
The determination of metals ( M Ba, Ca, Cd, Cu, Fe, K, Mg, 
Mn, Na, P, Pb, S, Si, Sr, Ti, V and Zn ) in the extracts was 
carried out by inductively coupled plasma atomic emission 
spectroscopy (ICP-AES, Optima 3000, Perkin Elmer Corpora-
tion, Norwalk, USA) using the operating conditions sum-
marised elsewhere." 
Cenlrifugalion of the extracts was performed at 2500 rpm 
using a Centaur2 Ontrifuge (Sanyo, Loughborugh, Leicester-
shire, UK). 
Whatman'^ "Veclaspin 20" polypropylene centrifuge tubes 
fitted with filter inserts were used as extraction vessels (Fisher 
Scientific, Leicestershire, UK) (Fig. 1). The filters used were 
fabricated from inorganic Anopore® membrane (pore size 0.2 
pm) and incorporated a pre-filter of the same material (Fisher 
Scientific). The Whatman® "Veclaspin 20" polypropylene 
centrifuge tubes consist of two tubes. The inner tube contains 
both the test sample and the aliquot of extractant. The external 
tube collects the extractant after centrifugation has been 
performed. By removing the inner tube, the collected extractant 
in the outer tube may be readily removed for subsequent 
analysis. The next aliquot of extraclant is then added to the 
inner lube, and again collected following centrifugation. 
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> ewiCT collection tube: 
Veclaspin 20" pol>pnipilCTie ccnlrifugt tube 
> CAtrocUat 
• soil/icdimcTU sample 
> 0.20 pm "Aaopan" flhn' tube tmcit 
>• scqucntbl Icachaics 
Cbemometric processmg of the seqnentiflj data 
The romteen extracts obtained from each sample were analysed 
by ICP-AES. The trace metal data for the three soil mixtures 
for each sample were combined to give two data matrices of 18 
elements by 84 extracts for each soil type. The data for the 
Aidricb bumic acid extraction (18 elements by 28 extracts) were 
treated separately. 
The separation of the data into underlying physico-chemical 
components was carried out using a chemomelric data 
processing as described elsewhere."' The method is called 
Chemometric Identification of Substrates and Metal Distribu-
tions. It assumes that the physico-chemical components of a 
soil dissolve at different rates in increasing concentrations of 
nitric acid.^ The chemomelric data processing technique of the 
chemical extraction data resolves this mixture of components 
defining the number of components and their composition in 
each sample. The data processing also allows the quantitative 
distribution of metals in the identified physico-chemical 
components to be calculated. 
Fig. 1 Construction of centrifugation tubes used for sequential 
ex traction. 
Reagents 
All sohitions wre prepared using de-ionised water (18 MSI 
cm"') supplied from a Milli-Q System (ELGA, Buckingham-
shire, UK). All other reagents used were of AristaR grade 
(BDH, Poole, Dorset, UK) unless otherwise staled. 
Test materials 
Humic acid was purchased from Fluka (Sigma-Aldrich 
Company Ltd.. Dorset, England). A standard reference 
material (NIST, SRM 2711, National Institute of Science 
and Technology, Gaithersburg, Maryland, USA) widely used 
in sequential extraction procediu^s®' was also chosen for 
this study. This is a moderately contaminated agricultural soil 
collected in the till layer of a wheat field. In addition a sediment 
sample from the Carnon river in Cornwall (UK) was also 
collected. In 1991 thousands of gallons of heavily polluted 
water overflowed into the Carnon River from the dis-used 
Wheal Jane mine in the Camon area. The collected sample was 
therefore likely to have high levels of metallic contaminants. 
After collection, the sample was freeze-dried (to prevent loss of 
volatile analytes) and then sieved to remove larger stones, 
ground using a pestle and mortar, and then the fraction thai 
passed through a 125 jun mesh was collected for the analysis. 
Methodology 
Each soil sample was mixed in the following proportions: 
(1) 1 g of SRM-2711; (2) 0.8 g of SRM-2711 and 0.2 g of 
humic acids; (3) 0.6 g of SRM-2711 and 0.4 g of humic acids; 
(4) 1 g of Carnon sediment; (5) 0.8 g of Camon sediment and 
0.2 g of humic acids and (6) 0.7 g of Camon sediment and 0.3 g 
of humic acids. 
Each of the soil mixtures was placed in a beaker and 
equilibrated at room temperature with 10 ml of de-ionised 
water overnight Each mixture was then transferred to a clean 
Whatman^ "Vectaspin 20" tube and centrifuged for 9 minutes 
at 2500 rpm. The resulting filter cake was then further subjected 
to 13 X 10 ml extracts (1 of MiUi-Q water and 2 each of 0.01, 
0.05, 0.1,0.5, 1 and 5 M HNOj). Each sample was immediately 
centrifuged for 9 minutes at 2500 rpm between each extraction. 
This procedure was carried out twice for each set of soil sample 
mixtures. In addition to the soil-humic acid mixtures, the same 
sequential extraction procedure was carried out on 0.25 g of the 
Aldrich humic acid with no soil added. 
Quality assurance has also been perfomied. Six samples were 
analysed in duplicate and RSD values found to be around 8%. 
Results and discussion 
AJdricfa homic add 
The data processing procedure identified 8 chemically distinct 
components in the humic acid extracts. Fig. 2 shows the 
extraction profiles and the composition of each of these 
components. Component I is >90% sodium and is extracted in 
the first de-ionised water extract and can be attributed to the 
easily soluble sodium salt fraction of the humic material. 
Component 2 appears in extracts 4, 5 and 6 (0.01 to 0.05 M 
KN03) and is principally made up of Ca {ca. 85%) with minor 
amounts of Mg (ca 8%) and Na (ca 5%). Since this component 
is removed at fairly low acid concentration it is interpreted as 
the fraction derived from the weakly bound 'exchangeable' 
cations on the humic acid molecule. Components 3-6 are 
extracted over a broad range of extracts (see Fig. 2) and are 
made of combinations of Al, Fe, Ca, Mg, Na and S. The exact 
origin of these components is not clear but is probably 
associated with either breakdown products of the molecule or 
release of metals from a range of binding sites. Literature 
studies have shown all of these metals to be associated with 
different binding sites in humic type materials.""^' Component 
7 is only extracted at the higher acid concentrations (extracts 9-
14, 0.5-5 M HNO3) and is made up of Fe (ca. 74%) and Al 
(ca23%). This component accounts for 70% of the total 
cxtractable iron in the humic add. The total Fe extracted 
(8800 mg kg~*) is in reasonable agreement with the study of 
Peramaki et al. which measured the total Fe in Aldrich humic 
acid" (10900 mg kg"'). This component is probably derived 
from the breakdown of stable Fe/humic complexes that are 
known to exist in humic materials.^' Component 8 is extracted 
with extracts 13 and 14 (5 M HNO3) and is made up from Na 
(ca 45%), S (ca 27%), Ca (ca 15%) and Al (ca 10%). Since this 
component is only extracted with the highest concentration of 
add used it probably represents a breakdown product of the 
humic molecule which is being digested in the HNO3. 
In summary, the extraction procediu^ seems to be identify-
ing a combination of different binding sites and breakdown 
products of the humic material. 
Camon sediment pbysico-chcniical components 
Ten distinct physico-chemical components were identified 
(Fig. 3). 
Component 1 is extracted in the first two de-ionised water 
extracts and is made up prindpally from Na (ca 69%) and S 
(ca 23%). This component is probably derived from easily 
extractable residual pore-water solutes and the soluble sodium 
humate. 
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Rg. 2 Physico-chemical components found for HA. 
Component 2 is extracted principally over extracts 3-^ (0.01 
M-0.05 M HNO3) and is made up of Ca (ca 64%), Mg (ca 
13%), Na (ca 13%) and Zn (ca 8%). This component increases 
approximately in proportion to the amount of humic acid 
added. Since a similar component was found in the HA on its 
Fig. 3 Pbysiro-cfaemical components obtaiaed for the Canroo sediment 
sample. The amount of solid e.Ttnicted (mg kg"') is plotted against the 
sequential leaches (from 1 to 14) for. from lefl to right: Carnon samf^e 
(ten), 80% Coraon sediment and 20% humic acid (middle) and 70% 
Camon sediment and 30% humic adds (right). Legend: Exlraction 
profUe (^) : Cumulative profiles are shown ( • ) , corrected for (he 
proportion of soil in the sample (A) and also for the proportion of HA 
in (he sample ( x ) . The elemental composition of each component is 
shown next lo the extraction profiles. 
own (Fig. 2, component 2) this is probably the HA exchange-
able fraction. 
Component 3 is extracted over a broad range (extracts 1-6) 
and it is made up of Ca (ca 51%) and Mg (ca 36%) and smaller 
amounts of K and Na. This fraction could be identified as free 
calcium and magnesium existing in the soil sample which are 
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subsequently complexed by humic acid and released later on as 
part of the exchangeable phase (component 2). 
Component 4 is remo\'ed by extracts 5-8 (0.05-0.1 M HNOj) 
and is made up mainly of Zn (co. 32%), Al (ca 21%), Ca (ca 
20%) and Cu (ca 17%). This component decreased when the 
proportion of humic add increased in the sample and this could 
be due to Cu and Zn binding to the humic adds and therefore 
being less extractable.^* '^ 
Component 5 is removed with extracts 6-11 (0.1-1 M 
HNOj) and is made up of Al (ca 32%), Fe (ca 23%), Si (ca 
16%), Na (ca 14%) and smaller amoimts of Mg, Zn and Cu. 
This fraction probably represents a clay component {e.g. 
chlorite) in the Carnon sample that does not seem to be affected 
by the presence of humic acid in the soil sample. 
Component 6, 7 and 8 (iron components): component 6 
appears in extracts 5-10 (0.05-0.5 M HNO3) and is made up 
principafly of Fe (ca 59%) and Na (ca 18%). This fraction 
could be identified as the iron oxide amorphous phase in the 
soil sample. Component 7 is removed by the last extracts 9-14 
(0.5-5 M HNO3) and is made up mainly of Fe (ca 6P/0) and Al 
(ca 13%). This fraction could be identified as being the iron 
oxide crystalline phase. Both components adopt the same 
extraction profile as the amount of humic add is increased 
becoming more extractable at the same pH (extract 9) and will 
probably be related to the interaction of humic add with iron 
oxide phases. Component 8 is removed by the last two extracts 
(5 M HNO3) and is made up mainly of Fe (ca 61%) and Al (ca 
25%). This component incitases when the proportion of humic 
add increases and a similar component was found when bumic 
add was analysed (component 7 in HA). This fraction could be 
identified as the iron humic complex derived from the original 
Aldrich humic acid material. It is interesting to note that a 
small amount of this component can be seen in the soil sample 
before any additional humic acid is added and could refiect the 
presence of an iron humic component naturally present in the 
sample. 
Components 9 and 10 are minor components extracted over 
a broad range being identified as a consequence of the presence 
of humic acid in the sample. Component 9 is made up mainly of 
S (ca 74%) and increases slightly when humic adds are present 
in the sample; it is not clear if this component is derived from a 
true physico-chemical constituent from the soil or whether it is 
an artefact of the data processing. Component 10 is made up of 
Ca (ca 51%), Al (ca 33%) and Cu (ca 11%). It becomes 
extractable when humic adds are present in the sample and is 
possibly a humic acid complex with the copper from the 
sediment. 
NIST 2711 physico-chanical components 
Seven distinct physico-chemical components were identified 
(Fig. 4). 
Component 1 is extracted mainly in the first two de-ionised 
water extracts and is made up prindpally from Na (ca 94%) 
and S (ca 5%). This fraction is probably derived from the 
residual pore-water solutes in the soil and increases with the 
presence of the humic acid due to the free sodium and sulfur in 
the HA being soluble in water. 
Component 2 and 3: these components are removed with 
extracts 3-6 (0.01-0.05 M HNO3) and are made up mainly of 
Ca. (Component 2 does not seem to be affected by the presence 
of humic acid whereas component 3 increases when the 
proportion of himiic add increases. This suggests that one of 
these components is associated with easily exchangeable sites 
on the soil and the other easily exchangeable sites on the humic 
add molecule. 
Component 4 is extracted with 0.05-0.1 M HNO3 and it is 
made up of Ca (ca 41%) and Pb (ca 29%) and smaller amounu 
of Fe, Mg and Mn. This fraction accounts for most of the lead 
in the soil by itself and could be identified as the metals 
Fig. 4 Ptiysco-chemical components obtained for Ibc NIST 2711 sample. 
The amount of solid extracted (mg kg"') is plotted against the 
sequential leaches (from 1 to 14) for from left to right: NIST 2711 
sample (left), 80% NIST 2711 and 20% humic add (middle) and 60% 
NIST 2711 and 40% humic add (right). Legend: Extraction profile {•); 
Cumulative profiles are shown ( • ) . corrected for the proportion of soil 
in the sample (A) and also for the proportion of HA in the sample (x). 
The elemental composition of each component is shown next to the 
extraction profiles. 
associated with carbonates in the soil. Since this decreases when 
himiic acid increases (in a greater proportion than would be 
expected by the amount of soil decreasing) this suggests that 
there is an interaction effect between the humic add and this 
component. Either the humic acid is sticking to the surface of 
particles or it is chemically binding with Ihem,^ ^ either way 
preventing this component from being extracted by the nitric 
add. 
Component 5 is removed by extracts 5-8 (0.05-0.1 M HNO3) 
and is made up mainly of Al (ca 33%). Fe (ca 26%), P (ca 
13%) and Pb (ca 9%). This component increased sUghtJy when 
the proponioo of humic add increased in the sample. This 
combination of metals due to the presence of minerals such as 
plumbogummite (PbAl](HP04)2(OH)6 in solid solution mix-
tures from other minerals which are known to exist in these 
soils." 
Component 6 is removed over a broad range and is made up 
of A l (ca 36%), Na (ca 28%), Si (ca 20%) and Mg (ca 8%). As 
this happened previously with the Caraon sample, this fraction 
probably represents a clay component in the soil sample that 
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does not seem to be strongly affected by the presence of humic 
acid in the soil sample. 
Component 7 appears in extracts 9-14 (0.5-5 M HNO3) and 
is made up prindpaDy of Fe {ca 45%) and Al (ca 42%). This 
component increases when the proportion of humic acid 
increases and a similar component was foimd for the two 
samples previously analysed. Like the Camon sample this also 
suggests that this is an iron complex with hmnic acid that is also 
naturally present in the sample. 
Conclusions 
lo this study a multi-element extraction method has been used 
to study the effect of humic add on the trace metal distribution 
in two different soils, one of them a real sample and the other a 
certified reference material. 
Differences when HA were added were found for most of the 
physico-chemical components found in NIST-2711 and the 
Camon sediment This would suggest that HA interact with the 
metab present in the soil samples changing their distribution. 
It should be emphasized that this new method offers 
potential for a range of environmenla! pollution studies and 
quick identification of components in geochemical samples. It 
might also prove of use as a fast screening method for the 
bioavailability of metals in the environment. 
Further work will focus on the development of an on-line 
sequential extraction system that will allow rapid sample 
characterisation. 
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